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Abstract
Photonic links have been proposed to transport radio frequency (RF) signals over opti-
cal fiber. External optical modulation is commonly used in high performance RF-photonic
links. The practical use of optical fiber to transport RF signals is still limited due to high
RF signal loss. In order to reduce the RF signal loss, highly efficient modulators are
needed. For many applications, modulators with broad bandwidths are required. How-
ever, there are applications that require only a narrow bandwidth. For these narrow-band
applications, the modulation efficiency can be improved through the resonant enhance-
ment technique at the expense of reduced bandwidth.
The aim of this thesis is to investigate highly efficient Mach-Zehnder optical modu-
lators (MZMs) on Lithium Niobate (LiNbO3) with resonant enhancement techniques for
narrow-band RF-photonic applications. This work focuses in particular on analyzing the
factors that affect the modulation efficiency through resonant enhancement so that the
modulator electrode structure can be optimized for maximum modulation efficiency.
A parameter study of the effects of the electrode characteristics on the modulation
efficiency of resonantly enhanced modulators (RE-MZM) is provided. From this study,
optimum design objectives are identified. Numerical optimization is employed to explore
the design trade-offs so that optimal configurations can be found. A sensitivity analy-
sis is carried out to assess the performance of optimal RE-MZMs with respect to the
variations of fabrication conditions. The results of these investigations indicate that the
RE-MZM with a large electrode gap is the optimal design since it provides high modula-
tion efficiency although the inherent switching voltage is high, and is the most tolerant to
the fabrication fluctuations. A highly efficient RE-MZM on X-cut LiNbO3 is practically
demonstrated with the resonant enhancement factor of 5 dB when comparing to the un-
enhanced modulator with the same electrode structure and effective switching voltage of
2 V at 1.8 GHz. The performance of the RF-photonic link using the fabricated RE-MZM
is evaluated.
Optimization of RE-MZMs for operating at millimeter-wave frequencies is also re-
ported. Factors that limit the modulation efficiency of an RE-MZM at millimeter-wave
frequencies are identified. Novel resonant structures that can overcome these limitations
are proposed. Preliminary designs indicate that greatly improved modulation efficiency
could be expected.
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Chapter 1
Introduction
1.1 Background
Optical fiber links have been widely employed to carry baseband digital signals in telecom-
munications and data networks. For transportation of radio frequency (RF) signals, elec-
trical cables such as coaxial cables and waveguides are traditionally used for only a short
distance. Recently, photonic links have been proposed to replace the high loss and heavy
coaxial cables and waveguides in short distance links and extend the transmission length
beyond the capability of electrical cables. Optical fiber is an ideal medium for microwave
transmission due to its low loss and frequency-independent characteristics [4]. Optical
fiber also offers advantages of broad bandwidth, flexibility, light weight and immunity to
electromagnetic interference. Furthermore, some microwave signal processing functions
can be carried out photonically without the need to convert the signals back to the elec-
trical domain. These functions include, but are not limited to, microwave up and down
conversion [5, 6], filtering [7, 8] and time/phase delay [9–11].
In an optical fiber link, the RF signal is impressed onto the optical carrier by the mod-
ulation process. There are two main modulation techniques: direct and external modu-
lation. In direct modulation, the RF signal is applied directly to the laser to change the
bias current. Direct modulation is simple and low cost but has low modulation band-
width and suffers from high chirp and high link noise [12]. High frequency chirp of direct
modulation precludes it for long-distance or high frequency links. External modulation is
accomplished by an external optical modulator. Therefore, external modulation has dis-
advantages of higher cost and complexity. Its advantages are large bandwidth, low noise,
and zero or adjustable chirp. The RF loss of an externally modulated link can be reduced
by using a high power laser [12]. External modulation is usually applied in high freqency
and high performance RF-photonic links.
There exists several types of external optical intensity modulators using different ma-
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terials. They include electro-optic modulators on Lithium Niobate (LiNbO3), III-V com-
pound semiconductors (such as InP and GaAs) or polymer, and electroabsorption modu-
lators (EAMs) on III-V compound semiconductors [13,14]. The material technologies of
LiNbO3 and III-V compound semiconductors are mature, while polymer material tech-
nology is still undergoing development [13]. Each of these modulators has its own ad-
vantages and disadvantages. However, LiNbO3 modulators are considered to be the best
candidate for high performance RF-photonic links [15]. This is because among all mod-
ulator types, LiNbO3 modulators have the lowest optical loss and highest optical power
handling capacity [14]. Other advantages of LiNbO3 modulators are large bandwidth,
zero or tunable chirp, and stability at normal operating temperatures.
Although there has been extensive research on development of high performance RF-
photonic links as a replacement for coaxial cable, the practical use of optical fiber to
transport RF signals is still limited. RF loss of RF-photonic links is one of the main
concerns that prevents the widespread deployment of RF-photonic links. Despite the in-
significant loss of optical fiber, the RF loss of an RF-photonic link is very high. For
example, the RF loss at 10 GHz of an externally modulated link using the commercially
available LiNbO3 modulator and photodetector is in the 35-45 dB range [16]. This RF
loss is much higher than that of a coaxial cable with length less than 1 km [17]. This high
loss is due to the inefficiency of the electrical/optical and optical/electrical conversion
processes. To compensate for this high inherent loss, RF-photonic links usually require
RF amplifiers before modulation or after detection. However, the use of RF amplifiers
introduces problems of increasing noise, distortion, cost and complexity. Thus, modula-
tors with very high conversion efficiency are needed. Significant research effort has been
directed toward improving the efficiency of LiNbO3 modulators [16].
1.1.1 Narrow-band photonic applications
The most fundamental design parameter of a photonic link is the link bandwidth. The
bandwidth of an RF-photonic link is mainly determined by the bandwidths of the modu-
lator and the photodetector. In many telecommunications and defence applications such
as transmission of digital signals and radar detection, broad bandwidth extending from
DC is essential. However, there are several applications that require only a narrow band-
width around a particular carrier frequency.
It was mentioned previously that up and down conversion (mixing) can be accom-
plished optically. Photonic mixing is often achieved using two optical modulators con-
nected in a cascaded arrangement [5, 18–21] or an optical modulator following a directly
modulated laser diode [22, 23]. The narrow-band local oscillator (LO) signal is applied
to one optical modulator in the former method or into the modulator in the later method.
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Photonic mixing offers advantages of large bandwidth and almost infinite isolation be-
tween the RF and LO port [5,18]. When a high freqency signal is downconverted optically
to an intermediate frequency (IF), a highly efficient photodetector at the IF frequency can
be used instead of a broadband but inefficient photodetector. Photonic mixing may be
used to perform frequency multiplication [24, 25] by using the harmonics of the LO sig-
nal so that a low frequency LO can be used. The conversion loss of a photonic mixer
depends strongly on the modulation depth of the LO modulator. Hence, a power amplifier
is often required to boost the LO signal level. In order to reduce the power level require-
ment of the LO signal, a very efficient modulator is necessary [26]. Because the LO signal
contains only single frequency, the LO modulator does not need to be broadband.
In RF-photonic systems, there is a need to generate high-frequency RF signals in
the optical domain. Traditionally, this is done by modulating a laser diode or an optical
modulator with a high frequency LO signal. Generation of a high quality LO signal is
complicated and costly. Very stable and low phase-noise LO signals can be generated by
optoelectronic oscillators [27–30]. In this oscillator configuration, an optical modulator
and a photodetector are placed in an optical feedback loop. If the feedback gain exceeds
unity, optoelectronic oscillation is obtained. The RF signals in both optical and electrical
domains can be generated. If the modulator has broad bandwidth, a narrow bandpass RF
filter must be placed at the modulator input to filter out unwanted oscillating modes. How-
ever, when a narrow-band modulator is used, the filter is unnecessary since the modulator
acts simultaneously like an optical modulator and a bandpass RF filter [31, 32].
In digital transmission, a non-return-zero (NRZ) data format is commonly used [16].
However, at high bit rates and long distances, more advanced modulation formats such
as return-to-zero (RZ) are needed [16]. RZ modulation can be performed by cascading
two modulators: one for pulse generation and the other for data modulation. The data
modulator must be broadband. The pulse modulator modulates only a single frequency
sinusoidal clock signal; hence it can be narrow-band.
Another class of RF-photonic application that has attracted much research attention
is fiber-wireless or radio-over-fiber (RoF) [33–39]. Traditionally, mobile systems consist
of a macrocellular architecture, where a base station (BS) covers a vast area (with cell
radius in the order of kilometers). The BSs are connected to the central office (CO) by
digital links. The BSs have to perform a number of complicated tasks such as coding,
modulation and multiplexing. Because of the large area covered by a single BS, a BS has
to serve a large number of customers; hence, the bandwidth available to each customer is
limited. With the increasing demand for higher bandwidth for multimedia applications,
the coverage area of each BS must be reduced by utilizing microcellular architectures [40]
(cell radius is less a few hundred meters), thereby requiring a large number of BSs. For
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practical and economical deployment of many BSs, the BSs have to be simple and low
cost. RoF technology has been suggested for the connections between the BSs and CO.
With RoF technology, the radio signals are transported directly between the BSs and
CO via RF-photonic links [41]. In such a system, each BS consists of simple and com-
pact optoelectronic components and radiating elements. All complicated functions of the
macrocellular BS are shifted to the CO. Mobile communication systems only require a
narrow bandwidth around the carrier frequency, for example, only 25 MHz of spectrum is
assigned to each operator in Global System for Mobilecommunications (GSM) architec-
ture. Therefore, broadband optical modulators are unnecessary for RoF.
In the above mentioned applications, narrow-band and highly efficient modulators
are preferable over broadband but inefficient ones. It is thus possible and desirable to
exchange the bandwidth for modulation efficiency by designing modulator structures that
have increased modulation efficiency around the operating frequencies. Modulators with
resonant electrode structures [42] have been proposed to achieve this goal.
1.2 Thesis outline
This thesis aims to investigate highly efficient optical modulators on LiNbO3 with res-
onant enhancement techniques for narrow-band applications. In particular, the investi-
gations will focus on providing a detailed understanding of resonant enhancement and
uncovering the critical geometric parameters of the modulator that have impact on the
modulation efficiency. Rigorous finite element modeling (FEM) simulation along with
numerical optimization and parameter sensitivity analysis will be utilized to produce ro-
bust designs that can be practically realized. This thesis is organized into seven Chapters,
two Appendices and lists of references and publications. An overview, which highlights
the novel contributions of each Chapter, is presented as follows.
Chapter 2 presents a brief review of the principles of operation of optical modula-
tors on LiNbO3. A review of advanced techniques is also conducted. The relationship
between the link loss of an externally modulated RF-photonic link and the modulation ef-
ficiency of an optical modulator is shown. A literature survey tracing the development of
modulators with resonant electrodes is presented. Areas requiring more research attention
are identified. A simulation tool capable of predicting the performance of RE-MZMs is
described. The remainder of Chapter 2 focuses on identifying the optimal conditions of
electrode characteristics for resonant operation.
Chapter 3 is dedicated to optimizing the structure of coplanar waveguide (CPW) elec-
trodes of RE-MZMs on X-cut LiNbO3. Firstly, simulation models for calculating the
microwave and electrooptic characteristics of modulator electrodes are presented. Then
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the dependence of electrode characteristics on the electrode cross-sectional dimensions is
analyzed in detail. It is found that it is difficult or even impossible to achieve all optimal
conditions identified in Chapter 2 simultaneously; therefore, some trade-offs have to be
examined. A numerical optimization approach is proposed to search for optimal electrode
structures to maximize the modulation efficiency at the resonant frequency. The numeri-
cal optimizer is used to help to investigate the design trade-offs. This investigation shows
that a large gap electrode is preferable due to higher resonant enhancement.
In Chapter 4, the sensitivity of the performance of optimal RE-MZMs to the variations
of electrode dimensions due to the fabrication tolerance is analyzed. It is found that
modulators with large gap electrodes are also the most tolerant to the variations of the
fabrication processes. This indicates that the optimal solution of Chapter 3 can also be
practically realized.
The focus of Chapter 5 is the realization of the optimal RE-MZM structure that is
numerically optimized in Chapter 3. The modulator is fabricated and its performance is
characterized and compared with that of the unenhanced modulator. An enhancement
factor of 5 dB is achieved. The comparison with theoretical prediction is made with good
agreement being achieved. The performance of the RE-MZM in an RF-photonic link is
also evaluated. Significant improvement to the link noise figure is found. Further, no
degradation to the link distortion due to the resonant enhancement is observed.
The RE-MZM demonstrated in Chapter 5 shows significant improvement in modula-
tion efficiency over a broadband travelling-wave modulator at 1.8 GHz. However, there
is much interest in developing RE-MZMs for operating at frequencies of 10 GHz and
beyond. Therefore, Chapter 6 investigates the feasibility of applying resonant techniques
to improve the overall modulation efficiency at these frequencies. The numerical opti-
mization approach is again employed to optimize a structure available in the literature.
Significant improvement to this design are achieved. It is shown that a long electrode
is necessary to increase the modulation efficiency, but at a high frequency, the velocity
mismatch is a limiting factor to resonant enhancement. Two novel resonant structures
are proposed and analyzed. These can overcome the limitation of velocity mismatch so
that the electrode structure can be easily optimized for high resonant enhancement and
inherent modulation efficiency. It is concluded that the optimal resonant enhancement
techniques of this Thesis are applicable at millimeter-wave frequencies.
A summary of the investigations conducted in this thesis is presented in Chapter 7.
Items which require further investigation are also identified and areas in which the results
of this work could be applied are suggested for future work.
Appendix A provides the derivations of the closed form expression of the integration
used in the implementation of the simulation tool of Chapter 2. Appendix B outlines the
procedure for measuring the noise power of an RF-photonic link.
Chapter 2
Resonantly Enhanced Optical
Modulators
2.1 Introduction
RF-photonic links have been proposed to replace the traditional microwave links used
in communication and signal processing applications. However, for practical use, the
RF-photonic links have to provide low signal loss, low noise figure and high dynamic
range [43]. The optical modulator is a critical component of an RF-photonic link. A
highly efficient optical modulator is crucial to achieve low loss and low noise figure re-
quirements. Mach-Zehnder optical modulators on lithium niobate (LiNbO3) are most
commonly used in photonic links. For broadband applications, the modulator bandwidth
is as important as the modulation efficiency. However, for narrow-band applications,
which have been identified in Chapter 1, the performance of a modulator in terms of
modulation efficiency is much more important. Hence, for these narrow-band applica-
tions, it is desirable to improve the electrooptic conversion efficiency even at the expense
of reduced bandwidth. This can be done through the use of resonant enhancement tech-
niques. This Chapter, therefore, aims to provide background information about Mach-
Zehnder optical modulators, RF-photonic link gain and resonantly enhanced modulators
(RE-MZMs) so that RE-MZMs that provide optimal link performance can be investi-
gated. A parameter study on the effects of various modulator electrode characteristics on
the performance of RE-MZMs is also provided.
This Chapter is organized as follows. Firstly, Section 2.2 briefly reviews LiNbO3 op-
tical modulators and the link gain of an RF-photonic link using an optical modulator. This
review aims to provide background information about the operation and current state of
the art of standard broadband traveling-wave modulators, and the relationship between the
RF loss of an RF-photonic link and the modulation efficiency of the optical modulator. A
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literature survey of RE-MZMs on LiNbO3 is presented in Section 2.3. This survey helps to
identify different resonant enhancement techniques available and consider whether these
techniques can provide improvement to link performance. Section 2.4 then presents a
simulation tool that can be used to predict the operation of a broad range of RE-MZMs.
Some important parameters that characterize the performance of an RE-MZM are de-
fined. In Section 2.5, an investigation of the effects of the characteristics of the modulator
electrode on the modulation efficiency of an RE-MZM is presented. This study helps to
identify the requirements of the characteristics of the electrode to achieve highly efficient
modulation with the resonant enhancement technique. Finally, a summary of this Chapter
is provided in Section 2.6.
2.2 Mach-Zehnder optical modulators and RF link gain
When designing an RF-photonic link, one of very important parameters is the link gain.
The focus of this Section is to relate the link gain of an externally modulated RF-photonic
link to the modulation efficiency of the modulator. Before that, the principle of opera-
tion of Mach-Zehnder optical modulators is presented and the current state of the art is
reviewed.
2.2.1 A review of Mach-Zehnder optical modulators on LiNbO3
LiNbO3 is an attractive material for the fabrication of electrooptic modulators due to its
large linear electro-optic coefficient and high intrinsic modulation bandwidth. Very low
loss optical waveguides can be fabricated easily by indiffusion of titanium (Ti) at high
temperature or by the annealed proton exchange (APE) process [16]. Other excellent
properties of LiNbO3 are high power handling capacity, thermal, chemical and mechan-
ical stability. Over the past decades, many researchers have attempted to design and
develop high-speed and efficient optical modulator on LiNbO3.
The most common type of optical modulator on LiNbO3 is based on the Mach-
Zehnder interferometric structure. Figure 2.1 presents the schematic of a typical Mach-
Zehnder modulator. The modulator consists of optical waveguides and an electrode struc-
ture. Light from the input single-mode optical waveguide is split equally into two parallel,
isolated optical paths by a Y-branch splitter. The phase refractive indices of the two par-
allel optical paths are modified by the applied electric field supplied by the electrode.
Because of the relative phase difference in the two optical paths, the light is combined
constructively or destructively in the output Y-branch combiner to form intensity modu-
lation.
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Figure 2.1: Schematic of a Mach-Zehnder optical modulator.
LiNbO3 is an anisotropic material. Its electrooptic coefficients are different in each
crystal axis. The Z-axis of the crystal has the highest electrooptic coefficient. Therefore,
the applied electric field has to be parallel to this crystal axis. Two common types of
LiNbO3 substrate used in optical modulators are X-cut and Z-cut. Figure 2.2 shows the
cross-sectional view of these modulator types. To exploit the highest electrooptic coef-
ficient, the electrodes are placed on top of the optical waveguides in Z-cut modulators
(Figure 2.2(a)), whereas, in X-cut devices, the optical waveguides are placed in the gap
of the electrode (Figure 2.2(b)).
In broadband modulators, a traveling-wave electrode structure is used. The RF power
enters the electrode through the input port, exits through the output port and then dissi-
pates into a load resistor connected to the output port of the electrode. The impedance of
the electrode is usually matched to the microwave source impedance which is generally
50 Ω to maximize the power delivered to the modulator electrode from a 50 Ω RF source.
The frequency response of an impedance-matching Mach-Zehnder modulator is [13, 44]:
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where α(f) is the microwave attenuation coefficient at the frequency f , L is the length of
the electrooptic interaction section of the electrode and A(f) is given by:
A(f) =
2πf
c
(Nm −No) (2.2)
where Nm and No are RF and optical effectives indices, respectively, and c is the speed of
light in vacuum.
It can be seen from Equation (2.1) that the bandwidth of the modulators is limited by
the velocity mismatch between the optical and electrical signals (Nm − No), the prop-
agation loss of the electrode (α) and the electrode length (L). The effects of velocity
mismatch and electrode loss can be reduced if the electrode is shortened. However, short
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Figure 2.2: Cross-sectional view of Mach-Zehnder optical modulators. (a) Z-cut and (b) X-cut
devices
electrode modulators have very low modulation efficiency. Therefore, the main design
objectives of broad-band traveling-wave modulators are velocity matching and low elec-
trode loss to achieve a large bandwidth.
Because the RF dielectric constants of LiNbO3 are much higher than the optical di-
electric constants, the microwave effective index Nm is generally higher than the optical
effective index No [16]. Techniques to achieve velocity matching have attracted a great
deal of research interest. In order to achieve true velocity matching, it is necessary to pull
some of the electric field out of the high index LiNbO3 into a lower dielectric constant
material. The most widely used method to reduce the microwave effective index is to
introduce a buffer layer of low dielectric constant material, commonly SiO2, between the
electrode and LiNbO3 substrate [13, 45, 46]. The buffer layer also helps to reduce the
optical loss by separating the optical waveguides from the optically lossy metal of the
electrode [13, 47], especially for Z-cut devices where the electrode is directly above the
waveguide. However, the buffer layer reduces the overlap between the electric and opti-
cal fields; hence, it decreases modulation efficiency. The microwave effective index can
be further decreased by using thick electrodes [46] or shielding planes [48, 49], but there
is an undesirable effect of reduction in the characteristic impedance and the fabrication
of shielding structure is difficult. The prominent velocity matching techniques are those
doing modification to the LiNbO3 substrate to replace LiNbO3 outside of the waveguide
region with low dielectric constant materials. True velocity matching has been achieved
using ridge structures on Z-cut LiNbO3 [50–54], back-side slots [55, 56] and thin-sheet
LiNbO3 substrates [57, 58] for X-cut LiNbO3.
When velocity matching is achieved, the bandwidth is limited only by the attenuation
of the electrodes. Electrode attenuation is dominated by the conductor loss which has a
square root dependency on frequency. The conductor loss can be reduced by increasing
the electrode thickness [16,52] and electrode gap [52,59]. Since the dielectric loss, which
is proportional to the operating frequency, increases much more quickly than the conduc-
tor loss which increases linearly with square root of frequency, it needs to be considered at
high frequency range (greater than 20 GHz) [60, 61]. The dielectric loss is dominated by
the loss in the SiO2 buffer layer because its loss tangent is four times higher than that of
CHAPTER 2. 10
LiNbO3 [60]. Other loss mechanisms like radiation loss and substrate coupling loss [13]
also need to be taken into account at high operating frequencies.
Apart from reducing the microwave effective index and electrode loss, another im-
portant design goal for broadband modulators is the modulation efficiency which is pa-
rameterized by the switching voltage. The switching voltage is defined as the voltage
required to turn the output light of a modulator from completely on to completely off.
The modulation efficiency is increased by increasing the interaction length between the
microwave and optical signals and by increasing the strength of the overlap between the
electrical and optical fields. A long interaction length can be achieved while maintaining
broad bandwidth if the velocity mismatch and electrode loss are minimized. A number
of techniques have been proposed to improve the interaction between the electrical and
optical fields. It can be noted that, techniques that modify the LiNbO3 substrates to lower
the microwave effective index also help to increase the electric field intensity at the op-
tical waveguides [62]. Thus, modulators with these techniques applied can provide high
modulation efficiency [50–54]. By using a slightly multimode active region of the optical
waveguides [54,63], the electrooptic overlap can be improved. Finally, a dual-drive topol-
ogy can help to increase the electrooptic overlap at the expense of increased RF circuit
complexity [16, 59].
2.2.2 RF-photonic link gain and modulation efficiency
One of the weak points of transmitting RF signals via RF-photonic links is that the RF
loss is quite high even though the loss of optical fibers is negligible. The ultimate goal
is to minimize signal loss. This Subsection analyzes how the loss can be reduced in an
external modulation RF-photonic link with a Mach-Zehnder optical modulator.
Figure 2.3 presents the diagram of an external modulation, direct detection RF-photonic
link. In this link, the RF signal is superimposed onto the optical carrier by the modulator
and recovered by the photodetector. The link gain of that link under small signal operation
Figure 2.3: Diagram of an external modulation, direct detection RF-photonic link.
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and quadrature bias conditions is given by [18, 64–66]:
G(f) =
(
Poαr
π
2Vpi(f)
)2
|1 + Γ|2
(
50(Ω)RD
50(Ω) +RD
)2
(2.3)
where Po is the input optical power, α is the total optical loss, r is the responsivity of the
photodetector, Γ = (Zm − 50(Ω))/(Zm + 50(Ω)) is the voltage reflection coefficient at
the modulator input, Zm is the modulator impedance at frequency f , RD is the termina-
tion resistance of the photodetector, and Vpi(f) is the effective switching voltage of the
modulator at frequency f . The link is assumed to be terminated at 50 Ω input and output.
It can be identified from Equation (2.3) that there are a number of factors influencing
the link gain. Obviously, the photodetector should have very high responsivity. The link
gain can also be increased by increasing the optical power which is available at the pho-
todetector input. To achieve this, the total optical loss should be reduced and the optical
power originating at the laser should be increased. However, there is a limit of how much
optical power can be increased by the saturation of the photodetector. Random intensity
noise (RIN) on the optical carrier itself also limits the benefit gained by increasing optical
power [67]. Like the gain of Equation (2.3), RIN is proportional to the optical power
squared. Hence, once noise is dominated by RIN, no further improvement in signal to
noise ratio can be achieved by increasing optical power. Once the highest gain photode-
tector and RIN limited optical power are used, the final component that has a great impact
on the link gain is the optical modulator itself. To improve the link gain, a modulator with
high modulation efficiency or equivalently low switching voltage Vpi(f) is preferable.
2.3 Literature survey of resonantly enhanced modulators
In Section 2.2, a review of broadband traveling-wave Mach-Zehnder modulators on LiNbO3
was presented. The current state of the art modulators offer very broad bandwidth. A
modulator with bandwidth ranging from DC up to 100 GHz has been reported [52]. How-
ever, the modulators with traveling-wave electrode structures offer only modest modula-
tion efficiency. In narrow-band applications, where only a small bandwidth around the
carrier frequency is required, this extremely large bandwidth is unnecessary. Therefore,
for these applications, it is acceptable to reduce the bandwidth to increase the modulation
efficiency. Various techniques have been employed to increase the modulation efficiency
at the expense of a reduced bandwidth, namely, phase reversal modulators [68–76], op-
tical domain reversal modulators [77] and modulators with resonant enhancement elec-
trode structures or optical resonance. Among them, resonant enhancement shows great
potential for improvement to modulation efficiency. Optical resonance can be achieved
with grating on optical waveguides [78] or ring resonator [79, 80]. Realising grating on
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LiNbO3 is quite difficult. On the other hand, ring resonator requires a lot of space in
LiNbO3 substrate. Therefore, only resonant electrode structure is considered in this The-
sis. The goal of this Section is to discover how resonant enhancement techniques help
to improve the RF link performance. Techniques applicable for both Z-cut and X-cut
devices are also of interest. This Section will thus provide a literature survey tracing the
development of optical modulators on LiNbO3 with resonantly enhanced electrode struc-
tures. The strengths and limitations of each of the resonant enhancement techniques are
discussed.
Unlike traveling-wave modulators, where the RF signal travels parallel to the optical
signal from the input port to the output port of the electrode, in RE-MZMs, standing-
waves are formed inside the electrodes. At the resonant frequencies, the voltage inside
the electrode can be significantly higher than the driving voltage. Hence, an RE-MZM
can provide higher modulation efficiency than a traveling-wave modulator.
The simplest form of resonant enhancement has been achieved by utilizing a standard
broadband traveling-wave modulator and terminating the output port of the RF electrode
with either open or short circuit [1, 81, 82]. To tune the resonant frequency, a length of
coaxial cable was used between the RF electrode output port and the termination. Because
of the existence of only a termination at the output port, it is called singly-terminated
configuration. In [1], the RE-MZM with open circuit termination exhibited two resonant
frequencies at 0.85 GHz and 1.3 GHz with the enhancement factors of 7.6 dB and 5.3 dB
over the same unenhanced modulator with the output port of the RF electrode terminated
in a 50 Ω load. The effective switching voltages at the resonant frequencies were 2.2 V
and 3.3 V, while the DC switching voltage of the unenhanced modulator was 4.2 V. With
this configuration, there was a strong reflection at the output port of the RF electrode, but
at the input port, the reflection was weak due to the small impedance mismatch between
the electrode and the microwave source. In [1,81,82], the characteristic impedance of the
RF electrode was 35 Ω.
Another similar configuration was shown in [64, 83, 84], where the RF electrode was
open-ended and the optical waveguides were terminated with an optically reflective coat-
ing before the output Y-branch. Because of the optical reflection, the electro-optic interac-
tion length was doubled. A resonant enhancement of 6 dB at low frequency was reported.
The effective switching voltage was less than 2 V in the frequency range up to ∼ 5 GHz.
Although the RE-MZMs described above offer significant improvements over the un-
enhanced modulators, they suffer from a number of drawbacks. Because of weak reflec-
tion at the input port of the RF electrode, the field enhancement within the active RF
electrode is not optimal. The RF return loss of those modulators is high since a large por-
tion of the RF power is reflected back to the microwave source. Moreover, the operating
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frequency is limited to frequencies in the range of approximately 0∼5 GHz due to the
size of the electrodes and connectors.
To overcome those limitations, Visagathilagar et. al. proposed a Fabry-Perot type
resonant structure [85, 86]. In this structure, strong discontinuities were introduced at
both input and output ports of the RF electrode; thus, a ‘true’ resonant cavity was formed.
Because of strong field reflection at both ends of the electrode, the field enhancement
within the resonant cavity was much higher and the RF return loss was lower than the
singly-terminated modulators. A proof of concept device was constructed from Z-cut
traveling-wave modulator in [86]. The discontinuities were realized by inductive shorted-
stubs on external microwave substrates. A resonant enhancement of 10 dB at 540 MHz
and RF return loss lower than -10 dB at resonance were demonstrated. However, for
connections between the RF electrode and external terminations, this modulator required
RF connectors and inactive sections which contributed a significant length to the total
resonant cavity length. Therefore, the operating frequency was limited.
In the singly-terminated and Fabry-Perot configurations, the RF signal is fed from
one end of the active electrodes. Other configurations, where the RF signal is fed in the
middle of the active electrodes, are possible [87–98]. In these configurations, both ends of
the active RF electrodes were open-ended or short-ended or mix-ended (one end is open
circuit and one end is short circuit). Hence, the active RF electrodes are in resonance
so that standing waves are built up inside the active electrode. In order to have the peak
voltage on the electrode much higher than the voltage at the feeding point, the feeding
point should be close to a node of the standing wave. It is also important to match the
impedance at the feeding point to the impedance of the microwave source so that the
power coupled into the resonant cavity is maximized and the RF return loss is minimized.
A number of methods have been suggested to achieve impedance matching, and they are
summarized below.
The first impedance matching method is called ‘properly positioned feeding’ [87–90].
It is based on the concept that at the resonant frequency, there exists a point on the res-
onant transmission line where the resulting impedance is equal to the impedance of the
microwave source [88]. The feeding line is positioned at that point. Several demonstra-
tions of such structures have been reported, including modulators with short-ended [87],
open-ended [88] and mix-ended [88–90] resonant electrodes. This impedance matching
method results in asymmetrical resonant structure around the feeding point, i.e. the line
impedances on the left and right of the feeding point are different. This asymmetrical
structure causes the field patterns to be different on two sides of the feeding point. Since
the feeding line is of symmetrical coplanar waveguide (CPW), its electric field is symmet-
rical. Hence, mismatch of the field patterns occurs at the feeding point. This phenomenon
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was first reported by Kawanishi et. al. [89]. This field mismatch causes the shift of the
experimental peak resonant frequency from the designed value using equivalent trans-
mission line model as observed in [89, 90] where the designed resonant frequency was
10 GHz, while the experimental result was 6.2 GHz.
The problem of field mismatch can be eliminated by having a symmetrical resonant
electrode structure [89], in which both ends of the active electrode have identical termi-
nations (either open or short but not mixed), the feeding point is exactly at the center
of the active electrode and the impedance matching is achieved by matching elements.
In [91] and [92], RE-MZMs with an open-ended electrode and a patch capacitance at the
feeding point for impedance matching were demonstrated. However, because of the com-
plicated three-dimensional structure of the patch capacitance, this resonant structure is
difficult to fabricate and may be sensitive to the fabrication variations. Resonant modula-
tors with planar matching elements were proposed [88, 89, 93–98]. Izutsu et. al. demon-
strated a modulator with a short-ended CPW electrode and a single shorted-stub [93, 94].
Impedance matching was achieved with that shorted-stub. Later, modulators having open-
ended or short-ended electrode structures and double-stubs for impedance matching were
reported [88, 89, 96–98].
Reported modulators with the feeding point properly positioned or with impedance
matching elements were capable of operating at high frequencies (≥ 10 GHz). The
power reflectivity at the resonant frequencies was low. These modulators provide sig-
nificant resonant enhancement over the similar length traveling-wave modulators. For
example, the open-ended modulator with double-stub reported in [88] provided resonant
enhancement factor of about 12 dB at the 30 GHz resonant frequency and -37 dB of
power reflectivity, while the resonant enhancement factor of the asymmetrical modulator
with mixed termination electrode and properly positioned feeding [89, 90] was approx-
imately 14 dB. These modulators had very high modulation efficiency per unit length
of the electrodes. Their effective switching voltage (at the resonances) length products
(VpiL) were very small in comparison to a traveling-wave modulator. Kra¨henbu¨hl and
Howerton reported a switching voltage length product of only 25 V·mm at 24 GHz for
the open-ended RE-MZM [88]. This switching voltage length product is probably the
lowest switching voltage length product reported to date. However, these modulators had
very short active electrode length (less than 5 mm) to achieve high modulation efficiency
per unit length. Because of the short electrode length, they were very compact in size,
but their switching voltages at resonance were very high. The electrode length of the
open-ended RE-MZM [88] which had 25 V·mm switching voltage length product was
only 1 mm; hence, its switching voltage was as high as 25 V. The lowest effective switch-
ing voltage reported by Kawanishi et. al. was 13.7 V at 10 GHz with 3.25 mm active
electrode [97]. These switching voltages are much higher than the switching voltage of a
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broadband traveling-wave modulator with a reasonably long electrode [52] (3.5 V switch-
ing voltage at DC). Therefore, if these RE-MZMs are employed in RF-photonic links, the
RF loss of those links will be very high. Thus, although these devices are very compact,
they do not offer improved RF link performance, and thus do not satisfy the goals of this
thesis.
In an attempt to reduce the switching voltage of RE-MZMs, Oikawa et. al. [2] in-
creased the thickness of the electrode to 20 µm to reduce the effective index of the elec-
trode so that the electrode length could be made large. The switching voltage was reduced
significantly to 5.8 V at 10 GHz with 29.624 mm electrode. This RE-MZM had a short-
ended electrode structure with double-stubs at the center of the electrode for impedance
matching. Using the same resonant electrode structure as in [2] but with light-wave re-
flection before the output Y-branch similar to [64, 83, 84], Kawanishi et. al. were be able
to reduce the switching voltage further to 3.4 V at 10 GHz [3, 99].
It is worth noting that except the single stub structure of [93, 94], all reported RE-
MZMs with the feeding point properly positioned or with impedance matching elements
employed an asymmetrical coplanar waveguide (ACPW) electrode structure. An ACPW
electrode structure is only applicable to Z-cut LiNbO3. For X-cut devices, ACPW elec-
trodes are undesirable because only one optical waveguide gets electro-optic interaction
unless dual-drive configuration is used; thus, modulation efficiency is reduced.
Although there has been a great deal of research on resonant modulators on Z-cut
LiNbO3, there seems to be no reported work on X-cut resonant modulators. Even though
modulators on Z-cut LiNbO3 have higher inherent modulation efficiency than X-cut de-
vices [16], X-cut LiNbO3 is mainly used for commercial modulators due to its superior
thermal characteristic.
In early work of RE-MZMs [1, 81, 82, 86], standard broadband traveling-wave mod-
ulators were utilized for resonant enhancement. This is not an optimal choice since the
requirements for good resonant modulators are different from those of traveling-wave
modulators. Later, special electrode structures were designed for resonant operation.
However, there has been a lack of effort put into the optimization of electrode structure
and identification of optimal conditions for resonant enhancement.
Therefore, this thesis focuses on the investigation of highly efficient RE-MZMs on
LiNbO3 to improve the RF link performance. The thesis rigorously explores the design
trade-offs to optimize the modulator electrode structure for resonant enhancement so that
the best modulation efficiency can be achieved. To maximize commercial applicability,
X-cut devices will be the main focus.
In order to achieve the above mentioned goals, a simulation tool is needed. In the lit-
erature, numerical tools to model resonant modulators have been investigated [81,88,100,
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101]; however, they are often specific for a given modulator configuration and also derived
as approximate closed-form solutions. A flexible tool capable of simulating complex RE-
MZMs with arbitrary electrode configurations such as the one reported in [102, 103] is
required. In the following Section, one such simulation tool will be described.
2.4 Simulation of resonantly enhanced modulators
Because of the complexity of the structures of RE-MZMs, a flexible model is required to
simulate the operation of a modulator with a resonant electrode structure. In this Section,
the numerical network model of [104] is extended to include general N-port S-parameter
networks to enable simulation of electrodes with almost arbitrary complexity.
In this simulation, the modulator structure is represented by an equivalent circuit
model. The equivalent circuit model can contain a number of components including
lumpled elements such as inductors and capacitors, transmission lines or S-parameters
of N-port components. The electro-optic interaction sections are represented by uniform
transmission lines. Using microwave analysis, complex RF circuit behaviour can be sim-
ulated and the voltage and current at any node of the equivalent circuit can be found.
When a photon travels in an optical waveguide with an applied electric field, its phase
will change due to Pockels effect. The frequency dependent total accumulated phase
change ∆Φ(f) over an electro-optic interaction length L of the active electrode can be
found by summing all local phase shifts, i.e.
∆Φ(f) =
π
VpiL
∫ L
0
V (z, f)ej(2pif/c)Nozdz (2.4)
where V (z, f) is the complex amplitude of voltage at the microwave frequency f at po-
sition z along the length of the transmission line segment, No is the effective index of
the optical guided mode, c is the speed of light in the free-space, and Vpi is the inherent
switching voltage of the interaction section which is the driving voltage corresponding to
a π phase shift on the interaction section of length L. Vpi defines the inherent strength of
the electro-optic interaction. The integration in Equation (2.4) can be expressed in closed-
form (Appendix A). The local voltage V (z, f) can be calculated from the voltages at the
two ends of the interaction section by:
V (z, f) =
V2 − V1e−jγ(f)L
2jsin (γ (f)L) e
jγ(f)z +
(
V1 − V2 − V1e
−jγ(f)L
2jsin (γ (f)L)
)
e−jγ(f)z (2.5)
where V1 and V2 are the complex voltage at z = 0 and z = L respectively, and γ (f) is
the complex microwave propagation constant. γ (f) is given by:
γ (f) =
2πfNm (f)
c
− jαm (f) (2.6)
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where Nm (f) is the microwave effective index and αm (f) is the attenuation constant
of the transmission line at the frequency f . The attenuation constant includes conductor
loss and dielectric loss. If the dispersion behavior of the transmission line is ignored, the
microwave effective index and characteristic impedance does not vary with the frequency,
and the attenuation constant can be written as:
αm (f) = αc
√
f + αdf (2.7)
where αc and αd are the conductor loss and dielectric loss coefficients, respectively.
The frequency dependent effective switching voltage of the modulator is given by:
Vpi(f) =
πVin
|∆Φ(f)| (2.8)
where Vin is the voltage amplitude at the modulator input. Vpi(f) is the parameter that
defines the overall modulation efficiency of a modulator at frequency f .
The modulation efficiency per unit length of a modulator is defined by:
∆ϕ (f) =
|∆Φ(f)| Vpi
πVin
. (2.9)
∆ϕ is called the normalized induced phase shift of a modulator. ∆ϕ of a perfectly velocity
and impedance matched traveling-wave modulator is always smaller than unity due to
electrode loss. For an RE-MZM, the voltage inside the active electrode can be much
larger than the input voltage. Hence, ∆ϕ of an RE-MZM can be larger than unity. ∆ϕ
shows the effect of the resonant enhancement. A high ∆ϕ means strong enhancement.
The magnitude of the normalized optical frequency response in dB electrical is
OR(f) = 20 · log
( |∆Φ(f)|Vpi
πVin
)
. (2.10)
2.5 Optimal conditions for resonant enhancement
It can be seen in Section 2.4, that for an RE-MZM, the modulation efficiency is a func-
tion of both the inherent switching voltage and the resonant enhancement. From Equa-
tions (2.4-2.9), it can be seen that a low inherent switching voltage is required to increase
the modulation efficiency. However, the resonant enhancement depends on the voltage
inside the electrode V (z), which is a complex function of the microwave characteristics
including the effective index (Nm), characteristics impedance (Zc) and electrode loss (α)
of the active electrode and the resonant configuration. The aim of this Section is to explore
the relationship between different electrode parameters and the modulation efficiency so
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Figure 2.4: Equivalent circuit models of inductively coupled resonant modulators with (a) short-
ended end-feeding, (b) open-ended end-feeding, (c) short-ended center-feeding, and (d) open-
ended center-feeding.
that subsequent Chapters can design electrode structures that can achieve optimal modu-
lation efficiency.
The analysis of this Section considers four resonant configurations as shown in Fig-
ure 2.4, namely, open-ended end-feeding (Config. A, Figure 2.4(a)), short-ended end-
feeding (Config. B, Figure 2.4(b)), open-ended center-feeding (Config. C, Figure 2.4(c)),
and short-ended center-feeding (Config. D, Figure 2.4(d)). The resonant cavities are in-
ductively coupled to the microwave source. A typical value of No = 2.15 is assumed for
the effective index of the guided optical mode. The microwave frequency of this analysis
is 10 GHz. Using microwave analysis [105], the cavity length and the inductive value
can be found. The length of the short-ended configuration is slightly lower than Nλe/2
and that of the open-ended configuration is slightly lower than (2N − 1)λe/4, where λe
is the wavelength of the microwave signal at 10 GHz, and N is an integer number. N is
called the order of the resonant cavity which indicates the number of peaks on the voltage
standing-wave profile. Because of symmetrical structure, the minimum resonant order of
the center-feeding configurations is two.
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2.5.1 The effect of microwave effective index
In this Subsection, the analysis of the effect of the microwave effective index (Nm) on
the modulation efficiency of RE-MZMs is presented. Nm affects the performance of a
resonant modulator by two mechanisms. Firstly, it directly dictates the length of the
resonant cavity. Secondly, the phase of the standing-wave is mainly determined by Nm.
Reducing Nm makes the cavity length increase, and thus may lead to higher modulation
efficiency. On the other hand, in order to maximize the phase shift seen by a photon,
the phase of the standing-wave has to match to the phase of the light-wave. The phase
difference between the standing-wave and the lightwave has to be kept within π.
The microwave effective index was varied from Nm = 1 to Nm = 6 while the char-
acteristic impedance and the attenuation constant were kept constant at Z = 50 Ω and αc
= 0.25 dB/cm
√
GHZ respectively. Figure 2.5(a) and Figure 2.5(b) show the magnitude
of the phase shift as a function of Nm for different resonant orders and terminations of
end-feeding and center-feeding configurations. Apparently, for each structure, there is an
optimal Nm to maximize the phase shift. The optimal Nm of the end-feeding configura-
tions is lower than the optical effective index (No), whereas, the center-feeding configura-
tions have optimal Nm higher than No. The differences between the optimal Nm and No
depend on the resonant order. For any configuration, increasing the resonant order makes
the optimal Nm move closer to No. The variations of the phase shift with Nm depend
strongly on the resonant order. In a low order resonant structure, the phase shift drops
slowly when Nm departs from the optimal values. However, this is no longer the case
when the resonant order increases.
The reason for the difference in the range of the optimal Nm of the end-feeding config-
uration and center-feeding configuration is that the phases of standing-wave are different
in the two configurations. Figure 2.6 plots the phase of the standing-waves on the elec-
trodes of forth-order end-feeding and center-feeding resonant modulators. Assuming the
effect of the loss is very small, the phase of the standing-wave along the electrode changes
periodically between zero and π after a half wavelength in the end-feeding configuration.
However, in the center-feeding configuration, the phase of the standing-wave is symmet-
rical around the feeding point where the standing-wave does not change phase after a half
wavelength. If Nm = No, there is large phase mismatch between the standing-wave and
the lightwave. Therefore, Nm of the electrode in the center-feeding configuration has to
be greater than No to achieve a phase match.
Figure 2.7 shows the variations of the optimal Nm of the forth-order short-ended
center-feeding configuration with the operating frequency, characteristic impedance and
attenuation constant. It can be seen that the optimal Nm for resonant enhancement varies
slightly with the operating frequency and the microwave characteristics of the electrode.
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Figure 2.5: Total accumulated phase change as a function of the microwave effective index for
different resonant modulator configurations. The source voltage is Vs = 1 V. (a) End-feeding
configurations, (b) center-feeding configurations
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Figure 2.6: The phase of the standing-waves of forth-order end-feeding and center-feeding reso-
nant modulators, Nm = 2.15.
However, these variations are much smaller than the variation of the optimal Nm with the
electrode configuration and resonant order. Since the impact of Nm on the modulation
efficiency is small in low resonant order configurations, the optimal Nm for each elec-
trode configuration can be selected regardless of the operating frequency, characteristic
impedance and electrode loss when the resonant order is low. However, at high resonant
orders, operating frequency, characteristic impedance and electrode loss have to be taken
into account.
In summary, unlike broadband traveling-wave modulators which require index match-
ing for optimal operation, the optimal condition for the microwave effective index of a
resonant modulator is not always index matching. The optimal microwave index depends
strongly on the electrode configuration and slightly on electrode characteristics. There-
fore, matching the microwave effective index to the optical effective index is not always
necessary, and even may be counterproductive in some cases.
2.5.2 The effect of characteristic impedance
This Subsection analyzes the effect of the characteristic impedance (Zc) of the active
electrode on the modulation efficiency of resonant modulators. The microwave effective
index was selected to be the optimal value for each configuration as shown in Figure 2.5.
The attenuation constant was held constant at 0.25 dB/cm
√
GHz, while Zc was varied
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Figure 2.7: Variations of the optimal microwave effective index Nm of the forth-order center-
feeding configuration with the operating frequency f , characteristic impedance Zc and electrode
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from 10 Ω to 80 Ω.
Figure 2.8 displays the total accumulated phase shift of a number of resonant con-
figurations as a function of Zc. It can be seen that increasing Zc is always desirable for
resonant enhancement operation. From microwave analysis [105], it can be shown that
the peak voltage of a transmission line resonator is proportional to square of Zc of the
transmission line. Therefore, a high Zc leads to a high modulation depth. The effect of Zc
on the modulation efficiency is very similar in all resonant configurations.
2.5.3 The effect of electrode loss
The final microwave characteristic to be considered is the loss of the active electrode
(αc). Like in other investigations, the microwave effective index and the characteristic
impedance were kept constant while the attenuation constant was varied.
Figure 2.9 shows the effect of αc on the modulation efficiency. As expected, the
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Figure 2.8: Total phase shift as a function of the characteristic impedance for different resonant
modulator configurations. The source voltage is Vs = 1 V.
modulation efficiency decreases as αc of the active electrode increases. Since the Q-factor
of a resonant cavity is inversely proportional to the total loss of the cavity [105], reducing
αc makes the Q-factor increase. A a result, more energy is stored inside the resonant
cavity. It can be shown that the total accumulated phase shift decreases linearly with
square root of αc. Hence, to maximize the resonant enhancement, it is always necessary
to ensure the loss of the resonant cavity is as small as possible.
2.5.4 Summary
The analysis of the effects of various microwave characteristics on the modulation effi-
ciency of optical modulators with resonant electrode structure has been presented. Op-
timal conditions for resonant enhancement can be identified. The optimal microwave
effective index depends strongly on the resonant configuration and the resonant order,
but depends slightly on the operating frequency and the characteristic impedance and the
loss of the electrode. The optimal microwave index is less than the effective index of the
optical guided mode for end-feeding resonant modulators, but is higher than the optical
effective index for center-feeding configurations.
Unlike the case of a broadband travelling-wave modulator which requires the charac-
teristic impedance to match to 50 Ω impedance of the microwave source, the characteristic
impedance of the active electrode of a resonant modulator should be made as high as pos-
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Figure 2.9: Total phase shift as a function of the electrode loss for different resonant modulator
configurations. The source voltage is Vs = 1 V.
sible. To increase the modulation efficiency with resonant enhancement, the loss of the
active electrode should be minimzed. Finally, although the inherent switching voltage of
the active electrode does not make any impact on the resonant enhancement, it should be
reduced since a low inherent switching voltage helps to increase the overall modulation
efficiency of a modulator as shown in Equation (2.4).
2.6 Conclusions
This Chapter has presented basic investigations of RE-MZMs. Firstly, the principle of
operation and the advancement of development of Mach-Zehnder optical modulators on
LiNbO3 were reviewed. The relationship between the modulation efficiency of Mach-
Zehnder modulators and the link gain of an external modulation RF-photonic link was
then reviewed. It was shown that the effective switching voltage of the modulators used in
an RF-photonic link should be made small to increase the link gain. A literature survey of
resonant enhancement techniques was reported. It has emerged from the literature survey
that there is still lack of effort in optimizing electrode structure for resonant operation
and there is need of RE-MZMs operating at high frequency range and having high overall
modulation efficiency.
A flexible numerical network model used to simulate the performance of RE-MZMs
was presented. The model is capable of simulating a modulator with an arbitrary config-
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uration. Some important parameters that describe the performance of an RE-MZM were
also defined.
Finally, a parameter study of the effect of various characteristics of the active elec-
trodes on the modulation efficiency of resonant modulators was presented. The results of
this analysis help to identify the optimal conditions for resonant operation. In the follow-
ing Chapter, Chapter 3, the electrode structure will be optimized to achieve these optimal
conditions.
Chapter 3
Electrode Optimization for Resonantly
Enhanced Modulation
3.1 Introduction
In Chapter 2, the optimal conditions for the modulator electrode to provide the best res-
onant enhancement have been investigated. It was shown that electrode structure which
provides low loss, high characteristic impedance, and low inherent switching voltage is
the best choice for resonantly-enhanced modulation. The optimal microwave effective
index depends on the resonant configuration. It is thus important to optimize the modu-
lator electrode structure to achieve the optimal conditions. In this Chapter, investigations
on the optimization of the electrode structure to maximize the modulation efficiency of a
resonantly enhanced modulator (RE-MZM) are presented.
This Chapter is organized as follows. Section 3.2 presents a definition of the Mach-
Zehnder modulator cross-sectional parameters. Section 3.3 outlines the techniques used
to predict the microwave effective index, characteristic impedance, attenuation constant
and the inherent switching voltage. The finite element method (FEM) is used to sim-
ulate the electrode microwave characteristics. The optical waveguide is modeled by a
finite-different simulation. Then, the overlap integral method is used to calculate the in-
herent switching voltage. Section 3.4 presents the parameter study of the impacts of the
electrode cross-sectional geometry on the microwave properties and inherent switching
voltage. Discussion of the possibility of achieving the optimal conditions for resonant
enhancement is also presented. With the microwave and electro-optic interaction char-
acteristics investigated in Section 3.4, the numerical optimization approach is used in
Section 3.5 to identify the optimal electrode configuration for RE-MZMs. The results of
the optimization are reported in Section 3.6. Finally, Section 3.7 summarizes the findings
in this Chapter.
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Figure 3.1: The cross section of a modulator on X-cut LiNbO3 with CPW electrode.
3.2 Modulator cross-section configuration
Two commonly used types of Lithium Niobate for Mach-Zehnder modulators are Z-cut
and X-cut. Generally, Z-cut LiNbO3 modulators have higher modulation efficiency than
X-cut devices since in Z-cut devices the optical waveguides are positioned directly under-
neath the electrodes. However, Z-cut devices are more prone to thermal instability than
X-cut devices due to charge migration and the buildup of pyroelectric charges [16, 106].
Hence, the dc bias-drift of Z-cut devices is higher than of X-cut devices. Furthermore,
Z-cut modulators usually have fixed chirp values whereas zero chirp can be achieved with
X-cut modulators. Therefore, in this study, Mach-Zehnder-type modulators with gold
CPW electrode structure on X-cut and Y-propagating LiNbO3 are considered. Figure 3.1
shows the cross-section of such modulator. W is the width of the hot electrode, G is
the gap between the hot electrode and the ground plane, while Te is the electrode thick-
ness. To minimize the optical insertion loss and reduce the microwave effective index, a
thin SiO2 buffer layer of thickness Tb is inserted between the LiNbO3 substrate and the
electrode. The optical waveguides are formed by titanium indiffusion. S is the separa-
tion between two optical waveguides and D is the distance between the center of the hot
electrode and the center of one optical waveguide.
3.3 Modeling of electrode microwave properties and in-
herent switching voltage
In this Section, techniques used to model and analyze the characteristics of the modulator
electrode are described. Four important characteristics are the microwave effective index
(Nm), characteristic impedance (Zc), electrode attenuation (α) and the inherent switching
voltage (Vpi). The microwave effective index, characteristic impedance and attenuation
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describe the microwave behavior of the electrode cross-section. The inherent switching
voltage defines the inherent strength of the electro-optic interaction of the electrode struc-
ture.
3.3.1 Microwave properties
The microwave properties of the CPW electrodes have been simulated using a 2D vector
finite element electromagnetic simulator [107]. This FEM simulator implements first-
order hybrid edge/nodal triangular elements [108]. This implementation is suitable for
modulator electrodes with arbitrary shape. The edge and nodal elements are formed into
an eigenvalue problem composed of large sparse matrices. The eigenvalues and eigen-
vectors are then found using a subspace iteration eigenvalue solver [109, 110]. Then the
microwave effective index (Nm) can be directly calculated from the eigenvalue.
The characteristic impedance of the electrode is calculated from the time-average
modal power P and the current carried by the center electrode I:
Zc =
2P
|I|2 (3.1)
The modal power and current are given by:
P =
1
2
∮
S
~E ×−→H∗ · d~s (3.2)
and
I =
∮
l
~H · d~l (3.3)
where S is the surface of the modulator cross-section and l is the path around the center
electrode.
The microwave loss due to imperfect conductors can be found from the perturbational
approach:
α =
Pc
P
(3.4)
where Pc is the time-average power dissipated in the conductor. Pc can be calculated from
the surface resistance Rs and the surface current Js:
Pc =
Rs
2
∫
S
∣∣∣~Js∣∣∣2 ds = Rs
2
∫
S
∣∣∣ ~Ht∣∣∣2 ds (3.5)
where Ht is the tangential magnetic field to the S surface. The surface resistance is given
by:
Rs =
√
k0η0
2σ
(3.6)
where k0 is the propagation constant of the free-space, η0 = 377 is the wave impedance
of the free-space, and σ is the conductor conductivity.
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3.3.2 Optical waveguides
Ti-diffused optical waveguides on LiNbO3 are weakly guiding waveguides. The refractive
index change in the waveguides is very small. Therefore, the Maxwell’s equations that
govern the electromagnetic field in the optical waveguide can be approximated by a much
simpler scalar equation [44]:(
∂2
∂x2
+
∂2
∂y2
)
ψ(x, y) +
(
k20n
2(x, y)− β2)ψ(x, y) = 0. (3.7)
In Equation (3.7), ψ(x, y) is the modal field distribution of the guided optical mode,
n(x, y) is the refractive index profile of the Ti-diffused waveguide, β is propagation con-
stant of the guided mode, and k0 is the wave number in the free-space. k0 = 2π/λ0
where λ0 is the free-space wavelength. The refractive index profile is a function of width
(w) and thickness (τ ) of the Ti strip before diffusion and the diffusion lengths (dx) and
(dy), which depend on the diffusion conditions such as diffusion temperature and diffu-
sion time. The model used to obtain the diffusion profile has been given in a number
of texts, for example [111, 112]. Equation (3.7) can be solved by a variety of numerical
methods to obtain the modal profile ψ(x, y) and the propagation constant β. In this thesis,
the Finite-Different method [44, 113, 114] was used.
3.3.3 Inherent switching voltage
There are two main methods to calculate the switching voltage of a Mach-Zehnder type
modulator. They are the change of effective index method [44, 115] and the overlap in-
tegral method [116, 117]. In the former method, the switching voltage is found by cal-
culating the optical effective index changes due to the applied microwave electric field
in optical waveguides. It involves calculating the refractive index in the LiNbO3 sub-
strate that results from the applied electric field. Then the new effective index of the
optical waveguide is found. Therefore, this method is considered to be the most precise
in the evaluation of switching voltage. However, it is a very time consuming process.
It is quicker and more simple to evaluate the switching voltage with the overlap integral
method. It was shown that the results obtained from the overlap integral method are very
close to those obtained from the change of effective index method [44, 115]. Therefore,
in this thesis, the overlap integral method is used to calculate the switching voltage for
various electrode structure parameters.
Following the overlap integral method, the switching voltage length product of a mod-
ulator can be approximated as [116, 117]:
VpiL =
λo
n3erΓ
(3.8)
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where λo is the free-space optical wavelength, ne is the extraordinary refractive index of
the LiNbO3 substrate, r is the pertinent electrooptic coefficient of the LiNbO3 substrate,
and Γ is the overlap factor between the microwave electric field and the optical power
distribution. Here we consider the push-pull configuration; therefore, the total overlap
factor will be:
Γ = |Γ1|+ |Γ2| (3.9)
where Γ1 and Γ2 are the overlap factors of optical waveguide 1 and 2 of Figure 3.1,
respectively. The overlap factor of each waveguide is defined as:
Γi =
1
V
∫ ∫
E2opiEeldxdy∫ ∫
E2opidxdy
(3.10)
where V is the voltage applied to the electrode, Eop is the normalized optical modal
electric field, and Eel is the resulting electric field of the electrode structure. The optical
modal field distribution Eop is calculated using a scalar, 2D Finite-Different simulation
as discuss in Subsection 3.3.2. The microwave electric field is approximated by a static
electric field. This static electric field is calculated using the finite element model [108].
3.3.4 Optimal positions of optical waveguides
For LiNbO3 substrates, the largest electrooptic coefficient is r33 [16, 118] which lies on
the Z-axis of the crystal. Thus, to maximize the electrooptic interaction, the strongest
components of the applied electric field need to be in the direction of the crystallographic
Z-axis of LiNbO3. Therefore, for optical modulators fabricated on X-cut LiNbO3, two
optical waveguides should be placed in the gap between the center electrode and ground
plane as shown in Figure 3.1.
A graph showing the contour plot of the electric field distribution directed along the
Z crystal axis of the CPW electrode on a X-cut substrate is given in Figure 3.2. It can be
seen that the distribution of the electric field in the gap between the center electrode and
the ground plane is not uniform. Most of the electric field is concentrated at the lower
corners of the center electrode.
Therefore, the overlap integral factor between the electric field and the optical waveg-
uide is strongly determined by the position of the optical waveguide with respect to the
CPW electrode. Figure 3.3 shows the overlap integral factor Γ as a function of optical
waveguide position for different electrode gaps and widths with buffer layer thickness
of 1µm and electrode thickness of 30µm. It is evident that the overlap integral factor
is maximum when the optical waveguide is about 2 − 3µm from the edge of the center
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Figure 3.2: The electric field component directed along the Z crystal axis. Buffer layer thickness
Tb = 1µm, electrode thickness Te = 15µm, electrode gap G = 20µm and center electrode width
W = 6µm.
 0
 0.005
 0.01
 0.015
 0.02
 0.025
 0  5  10  15  20  25
|Γ|
Optical waveguide position D (µm)
G = 44µm, W = 20µm
G = 20µm, W = 20µm
G = 44µm, W = 6µm
G = 20µm, W = 6µm
Figure 3.3: The overlap integral Γ as a function of optical waveguide distance from the center of
center electrode D. Buffer layer thickness Tb = 1µm, electrode thickness Te = 15µm.
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electrode. Thus, it is preferable to place both optical waveguides underneath the corners
of the center electrode to achieve minimum switching voltage. However, this is not al-
ways realizable if the center electrode is too narrow because two optical waveguides must
maintain a minimum separation of around 20 µm; otherwise, strong coupling between
optical waveguides would occur [119].
3.3.5 Summary
In this Section, the models for simulation of RF electrode structure and optical waveguides
on LiNbO3 have been described. Based on these simulation models, the microwave effec-
tive index, characteristic impedance, attenuation constant and inherent switching voltage
can be calculated. These parameters completely describe the microwave and electro-optic
behavior of a particular modulator cross-section. A discussion about the optimal posi-
tions of optical waveguides relative to the RF electrode has also been presented. Using
the described simulation models, the next Section will investigate the effects of different
cross-sectional dimensions on the microwave and electro-optic interaction characteristics.
3.4 Impact of electrode structure on microwave proper-
ties and inherent switching voltage
This Section presents an analysis of the electrode characteristics using the FEM simu-
lation technique as presented in Section 3.3.1. The effects of the various electrode pa-
rameters including electrode gap G, center electrode width W , buffer layer thickness Tb
and electrode thickness Te on the electrode microwave characteristics and the modulator
inherent switching voltage Vpi are calculated and trends are identified. The analysis focus
on how the optimal conditions identified in Chapter 2 can be realized by varying the elec-
trode dimensions. The resonant configuration to be investigated is an end-feeding one on
X-cut LiNbO3. Hence, as discussed in Section 2.5 of Chapter 2, Nm should be smaller
than optical effective index. Furthermore, the conditions of large Zc, low α and low Vpi
should be achieved.
A typical gold CPW electrode on X-cut LiNbO3 as presented in Figure 3.1 is consid-
ered. In the microwave frequency range, the relative permittivities of the X-cut LiNbO3
substrate are εrx = 28, εry = 43 and εrz = 43 [61, 111, 115]. The relative permittivity
of the SiO2 buffer layer is εb = 4. The conductivity of the gold electrode is 40.98× 106
S/m [105].
For the simulation of Ti-diffused optical waveguides, the following parameters are
used. The Ti strip width and thickness are 7 µm and 1000A˚, respectively. The dif-
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fusion lengths dx and dy are both 4 µm [44]. The operating wavelength is 1.55 µm.
The electrooptic coefficient used in calculating the switching voltage is r33 = 30.8 ×
10−12 m/V [115]. To ensure minimal coupling between optical waveguides so that a good
extinction ratio can be achieved, a minimum separation of 20 µm has to be maintained
between two optical waveguides [119]. For a given set of electrode cross-sectional dimen-
sions, the positions of two optical waveguides are sought to provide minimum switching
voltage while maintaining the minimum separation of 20 µm.
3.4.1 The effect of center electrode width
This investigation examines the effect of varying the width of the center electrode with the
electrode gap, buffer layer thickness and electrode thickness held constant. Two sets of
electrode gap, buffer layer thickness and electrode thickness parameters are considered,
one with moderate electrode gap (G = 20 µm), moderate electrode thickness (Te =
15 µm) and thin buffer layer (Tb = 0.2 µm), and one with large gap (G = 44 µm), thick
electrode (Te = 30 µm) and thick buffer layer (Te = 1µm).
Presented in Figure 3.4(a) and Figure3.4(b) are the microwave effective index Nm
and the characteristic impedance Zc versus the center electrode width W for G = 20µm,
Te = 15µm, Tb = 0.2µm and G = 44µm, Te = 30µm, Tb = 1µm, respectively. The
results in Figure 3.4(a) and Figure3.4(b) indicate that Nm decreases and Zc increases
with smaller W . Hence, small W is a preferable choice for optimal conditions for Nm
and Zc. With the current electroplating technology, electrode as narrow as 4 µm can be
realized [120].
Figure 3.5(a) and Figure 3.5(b) show the effects of W on the electrode loss for G =
20µm, Te = 15µm, Tb = 0.2µm and G = 44µm, Te = 30µm, Tb = 1µm, respec-
tively. It can be seen that the loss decreases only marginally as W is increased. Thus, the
requirement for low electrode loss is only loosely connected with W .
In Figure 3.5(a) and Figure 3.5(b), it can also be observed how the switching voltage
length product VpiL varies with W . This shows that VpiL is reduced by almost half if
W is increased from 4 µm to 16 µm. In Section 3.3.4, it was found that the optical
waveguide would receive the strongest electro-optic interaction when it is placed at about
2 µm from the edge of the center electrode. However, when the center electrode is very
narrow, both optical waveguides can not be placed at their optimal positions while still
satisfying minimum separation requirement. In this investigation, the positions of both
optical waveguides were scanned to seek for minimum switching voltage. It is found that
when the center electrode is small, minimum switching voltage can be achieved with one
optical waveguide placed at the optimal postion and the other optical waveguide placed
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Figure 3.4: Microwave effective index and characteristic impedance as functions of the center
electrode width W . (a) Buffer layer thickness Tb = 0.2µm, electrode thickness Te = 15µm,
electrode gap G = 20µm. (b) Buffer layer thickness Tb = 1µm, electrode thickness Te = 30µm,
electrode gap G = 44µm.
CHAPTER 3. 35
 0.2
 0.3
 0.4
 0.5
 0.6
 0  5  10  15  20  25  30
 7
 8
 9
 10
 11
 12
 13
 14
α
 
(dB
/cm
 G
Hz
1/
2 )
V pi
L 
(V
.cm
)
W (µm)
α
VpiL
(a)
 0
 0.1
 0.2
 0.3
 0.4
 0  5  10  15  20  25  30
 12
 14
 16
 18
 20
 22
 24
 26
 28
 30
α
 
(dB
/cm
 G
Hz
1/
2 )
V pi
L 
(V
.cm
)
W (µm)
α
VpiL
(b)
Figure 3.5: Electrode attenuation constant and inherent switching voltage as functions of the
electrode width W . (a) Buffer layer thickness Tb = 0.2µm, electrode thickness Te = 15µm,
electrode gap G = 20µm. (b) Buffer layer thickness Tb = 1µm, electrode thickness Te = 30µm,
electrode gap G = 44µm.
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further into the gap. Therefore, a narrow center electrode makes the switching voltage
very high. Increasing center electrode width helps to bring the optical waveguides closer
to their optimal positions; thus VpiL drops very quickly. When W is about 16 µm, both
optical waveguides can be placed at 2 µm from the edge of the center electrode with
20 µm of separation. Increasing W further does not help to reduce VpiL anymore since
both optical waveguides are still at optimal positions when W ≥ 16 µm. Hence, for a
given minimum separation S requirement, W should be equal to S − 4 µm to achieve the
lowest VpiL.
In summary, to increase the resonant enhancement factor, one could reduce the center
electrode width to get low Nm and high Zc at the expense of slightly increasing of α.
However, an optimal inherent switching voltage cannot be achieved with such a narrow
center electrode. It is thus not clear whether a wide of narrow center electrode should be
chosen for resonant enhancement.
3.4.2 The effect of electrode gap
This Subsection examines the effects of the electrode gap on the characteristics of a mod-
ulator electrode. The investigation was performed for both small and large dimensions
for electrode width, buffer layer thickness and electrode thickness.
The effect of the electrode gap G on the microwave effective index Nm and the char-
acteristic impedance Zc for the cases of W = 6 µm, Tb = 0.2 µm, Te = 15 µm and
W = 20 µm, Tb = 1 µm, Te = 30 µm is shown in Figure 3.6(a) and Figure 3.6(b), re-
spectively. It can be seen that both Nm and Zc depend strongly on the gap. Nm increases
by 1 and Zc increases more than 2.5 times when G increases from 5 µm to 45 µm. Thus,
it is not possible to achieve both optimal Nm and Zc for resonant enhancement by varying
G alone.
Among the electrode cross-sectional parameters, the gap between center electrode
and the ground plane has the strongest impact on electrode loss and also has a significant
impact on inherent Vpi [59]. It is expected that a large gap helps to reduce the loss. Fig-
ure 3.7(a) and Figure 3.7(b) show the dependence of electrode loss on G for different W ,
Te and Tb configurations. It is evident that the electrode loss decreases significantly as the
electrode gap increases. Almost 4 times reduction in electrode loss is observed when G
increases from 5 µm to 45 µm.
On the other hand, a large gap makes the electric field less concentrated and thus the
voltage at the center electrode corner is reduced. This results in lower an overlap factor
between the electric field of the electrode and that of the optical waveguides. Figure 3.8
shows the overlap integral factor for one optical waveguide as a function of electrode
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Figure 3.6: Microwave effective index and characteristic impedance as functions of the electrode
gap G. (a) Buffer layer thickness Tb = 0.2µm, electrode thickness Te = 15µm, electrode width
W = 6µm. (b) Buffer layer thickness Tb = 1µm, electrode thickness Te = 30µm, electrode width
W = 20µm.
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Figure 3.7: Electrode attenuation constant and inherent switching voltage as functions of the
electrode gap G. (a) Buffer layer thickness Tb = 0.2µm, electrode thickness Te = 15µm, elec-
trode width W = 6µm. (b) Buffer layer thickness Tb = 1µm, electrode thickness Te = 30µm,
electrode width W = 20µm.
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Figure 3.8: The overlap integral Γ as a function of electrode gap G.
gap. The optical waveguide in Figure 3.8 was placed at 2 µm from the edge of the center
electrode which is the optimal position as investigated in Subsection 3.3.4. It is clear from
Figure 3.8 that increasing the electrode gap makes the overlap integral factor decrease
significantly.
The effect of electrode gap on VpiL is also shown in Figure 3.7(a) and Figure 3.7(b).
The inherent switching voltage is almost double if G increases from 5 µm to 45 µm.
In summary, the gap needs to be large to obtain high Zc and low α. However, it is
preferable to reduce the gap in order to lower inherent Vpi and Nm. Therefore, it is not
obvious whether large or small gap should be used to optimize the modulation efficiency.
The trade-off needs to be explored. Before exploring this trade-off, the effects of other
cross-sectional dimensions on the modulator characteristics will be investigated.
3.4.3 The effect of buffer layer thickness
The SiO2 buffer layer plays a very important role in the design of optical modulators.
In designing broadband traveling-electrode modulators, the buffer layer has two main
purposes, to reduce Nm for velocity matching between the optical and microwave signals
and to isolate the optical waveguide from the metal electrode above. This Subsection
investigates how the characteristics of an electrode are affected by the thickness of the
buffer layer Tb. In this investigation, all other dimensions are held constant.
Figure 3.9(a) and Figure 3.9(b) present the microwave effective index Nm and the
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Figure 3.9: Microwave effective index and characteristic impedance as functions of the buffer
layer thickness Tb. (a) Electrode thickness Te = 15µm, electrode gap G = 20µm and center
electrode width W = 6µm. (b) Electrode thickness Te = 30µm, electrode gap W = 44µm and
center electrode width W = 20µm.
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Figure 3.10: Electrode attenuation constant and inherent switching voltage as functions of the
buffer layer thickness Tb. (a) Electrode thickness Te = 15µm, electrode gap G = 20µm and
center electrode width W = 6µm. (b) Electrode thick Te = 30µm, electrode gap G = 44µm and
center electrode width W = 20µm.
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characteristic impedance Zc as functions of Tb, when Tb varies from 0 to 1 µm. Since the
permittivity of SiO2 is much lower than LiNbO3, a thick buffer layer provides low Nm
and high Zc. These are desirable effects for resonant enhancement.
However, a thick buffer layer takes the electrode far away from the optical waveguide.
Hence, the electro-optic interaction is weaker. The effect of Tb on the switching voltage
length product VpiL and electrode loss was calculated and the results are presented in
Figure 3.10(a) and Figure 3.10(b). It can be observed that the reduction in Tb leads to
a significant decrease of VpiL. Therefore, for the purpose of lowering inherent Vpi, the
buffer layer should be made very thin. Tb has a weak effect on the electrode attenuation
as also shown in Figure 3.10(a) and Figure 3.10(b). The loss increases slightly as the Tb
is reduced in proportion to the increase of Nm [105].
Hence, with thick buffer layer, the degree of resonant enhancement significantly in-
creases due to low Nm, high Zc and low loss. In contrast, increasing buffer layer thickness
lowers inherent modulation efficiency due to large Vpi. As with Subsection 3.4.2, the op-
timum trade-off between inherent switching voltage and other microwave characteristics
is not obvious.
3.4.4 The effect of electrode thickness
The last electrode cross-sectional dimension to be considered is the electrode thickness Te.
Te was varied over the range 5-30 µm while keeping the electrode gap G, electrode width
W and buffer layer thickness Tb constant. As before, small dimensions of W = 6 µm,
G = 20 µm, Tb = 0.2 µm and large dimensions of W = 20 µm, G = 44 µm, Tb = 1 µm
are considered.
The effects of electrode thickness on microwave effective index Nm and characteristic
impedance Zc are shown in Figure 3.11(a) and Figure 3.11(b) for the cases of G = 20 µm,
W = 6 µm, Tb = 0.2 µm and G = 44 µm, W = 20 µm, Tb = 1 µm, respectively. It
can be seen that increasing Te has the desirable effect of decreasing Nm. However, a thin
electrode is preferable for Zc.
Electrode loss and inherent switching voltage as functions of Te are plotted in Fig-
ures 3.12(a) and 3.12(b). The switching voltage is almost independent of Te. On the other
hand, the electrode loss decreases significantly with the increase of Te.
Hence, thick electrode could be used to achieve low effective index and low loss at
the expense of low characteristics impedance. It is anticipated that the reduced loss and
microwave effective index for minimal change in inherent switching voltage will make
thick electrodes most suitable for resonant enhancement.
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Figure 3.11: Microwave effective index and characteristic impedance as functions of the elec-
trode thickness Te. (a) Buffer layer thickness Tb = 0.2µm, electrode gap G = 20µm and center
electrode width G = 6µm. (b) Buffer layer thickness Tb = 1µm, electrode gap W = 44µm and
center electrode width G = 20µm.
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Figure 3.12: Electrode attenuation constant and inherent switching voltage as functions of the
electrode thickness Tb. (a) Buffer layer thickness Tb = 0.2µm, electrode gap G = 20µm and
center electrode widthW = 6µm. (b) Buffer layer thickness Tb = 1µm, electrode gapW = 44µm
and center electrode width W = 20µm.
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Table 3.1: Summary of the effect of electrode cross-sectional dimensions on electrode character-
istics
Nm Zc Vpi α
G ↑ ↑ ↑ ↑ ↓
W ↑ ↑ ↓ ↓ ↓
Tb ↑ ↓ ↑ ↑ ↓
Te ↑ ↓ ↓ - ↓
3.4.5 Summary
In this Section, the effects of electrode cross-sectional parameters including gap, center
electrode width, electrode thickness and buffer layer thickness on the microwave charac-
teristics and the inherent switching voltage have been analyzed. Table 3.1 summarizes the
effects of electrode cross-sectional dimensions on the microwave characteristics and the
inherent switching voltage. In Table 3.1, blue arrows indicate desirable effects, whereas
red arrows are corresponding to undesirable effects. It has been shown that the goals of si-
multaneously lowering of inherent switching voltage and increasing of resonant enhance-
ment are not easily achieved by varying any cross-sectional dimension independently,
especially when considering the buffer layer thickness and the electrode gap. It is not a
trivial task to adjust the electrode dimensions to achieve maximum modulation efficiency
with resonant electrode structures by hand. Trade-offs must be made. In the following
Sections, a numerical optimization technique will be employed to explore these trade-offs.
3.5 Numerical optimization approach
Section 3.4 has investigated the effects of electrode cross-sectional dimensions on the
microwave and electro-optic interaction characteristics of optical modulators with CPW
electrode structure on X-cut LiNbO3. Comparing to the requirements of optimal char-
acteristics to maximize modulation efficiency with resonant enhancement represented in
Chapter 2, the findings of Section 3.4 indicate that some design trade-offs must be made
when designing the electrode for resonantly enhanced operation. Because of the reso-
nant behavior and many parameters involved, it is too complicated to search for optimal
electrode structure manually. Instead, a numerical optimization approach [109] is em-
ployed to automatically synthesize highly efficient RE-MZMs under specified conditions
and within given constraints. This Section describes the numerical optimization approach
used in terms of optimization procedure, optimization parameters, parameter boundaries
and optimization cost function.
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3.5.1 Optimization procedure
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Figure 3.13: Flow chart of the automatic synthesis procedure
Figure 3.13 illustrates the optimization procedure adopted for the optimization of the
electrode structure for resonant enhancement. This is based on a similar procedure used
in [121]. To avoid any biasing to the solution, the optimizer starts with a random set of
modulator parameters. Using the current set of modulator parameters, the response of
the modulator is modelled and the results are assessed using a cost function. The result
of the current cost function is compared to that of the previous iteration to determine if
the solution has converged. If the normalized change in cost is smaller than a specified
tolerance, the solution is deemed converged and the optimization is halted. Otherwise,
the current optimization parameters and cost are passed to the optimization routine where
a new set of parameters are generated. This new set of parameters are checked to see if
they fall within the parameter boundaries. If the parameters are not within the boundaries,
another new set of parameters must be generated. If the boundary test is passed, the cycle
continues until the convergence criterion is met.
In this study, adaptive simulated annealing (ASA) [122] is used as the optimization
routine. ASA is based on simulated annealing (SA) optimisation algorithm [109]. SA is
a random-search technique which is an analogy to the annealing process in which liquid
freeze or metals recrystallise into a minimum energy state by being slowly cooled after
being brought to high temperature state. Standard SA optimisation usually has fixed an-
nealing temperature schedule which is slow to get good search quality. In ASA, the tem-
perature schedule and parameter selection algorithms are automatically adjusted based
on the states of previous iterations. Therefore, ASA is an efficient search strategy and is
statistically guaranteed to find function optima [123].
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Figure 3.14: Circuit model for numerical optimization with optimization parameters shown.
3.5.2 Modulator response model
The resonant configuration considered in this investigation is of Fabry-Perot type [86]
with inductive terminations at both ends of the electrode. Figure 3.14 illustrates the equiv-
alent circuit model. The simulation tool as described in Chapter 2 is employed to simulate
the electro-optic response of the modulator. The simulation tool uses the microwave prop-
erties of the electrode (electrode loss, microwave index, characteristic impedance) and in-
herent switching voltage to model the electro-optic response. The microwave properties
and inherent switching voltage of modulators with a set of different geometrical structures
were calculated in advance by FEM simulations as presented in Section 3.3 and stored in
a look-up table. Whenever the optimization routine generates a new set of modulator
geometric parameters, the optimizer looks up the data table to find the corresponding mi-
crowave properties and inherent switching voltage. This data is then forwarded to the
simulation program to find the electro-optic response of the modulator. Since the FEM
was not called for each iteration, only modest optimization times were required.
3.5.3 Optimization parameters and parameter boundaries
The optimization routine seeks the value of electrode cross-sectional parameters (elec-
trode thickness Te, buffer layer thickness Tb, width W and gap G), electrode length l,
and terminations L1, L2 to increase overall modulation efficiency. Loose constraints are
applied to optimization variables to ensure that the optimized modulator can be practi-
cally realized. The optimization routine only searches for variable values within these
constraints.
With current processing technology, electrodes and buffer layers can be fabricated
with thickness up to 30 µm and 1 µm, respectively. A loose upper boundary of 6 cm
is applied to the electrode length [59]. Maximum value of 6 nH is placed on the termi-
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nations. Center electrodes as narrow as 4 µm can be fabricated. To minimize optical
loss, buffer layers must be thicker than 0.2 µm. Parameter boundaries are summarized as
below:
5µm ≤ Te ≤ 30µm
0.2µm ≤ Tb ≤ 1µm
4µm ≤W ≤ 30µm
5µm ≤ G ≤ 50µm
1cm ≤ l ≤ 6cm
0 ≤ L1, L2 ≤ 6nH
3.5.4 Optimization cost function
The primary objective of the optimization is to find a modulator configuration that of-
fers as high as possible overall modulation efficiency through resonant enhancement and
maintains acceptable RF return loss of -15dB. Thus, the cost of the optimization is the
reciprocal of the total accumulated phase change. If the return loss is greater than -15dB
constraint, a significant penalty is applied to the cost function. Optimization is conducted
at a single resonant frequency. Mathematically, the cost function can be written as:
Cost =


1
|∆Φ|2 if S11 < -15dB
1010 else
(3.11)
3.6 Numerical optimization results
Based on the numerical optimization algorithm described in Section 3.5, this Section
searches for optimal electrode structure for highly efficient RE-MZMs. A single fre-
quency f = 1.8 GHz was chosen for the investigation. The design trade-offs associated
with the buffer layer thickness and electrode gap as identified in Section 3.4 were investi-
gated by this numerical optimization approach.
3.6.1 Optimization with buffer layer thickness
In Subsection 3.4.3, it has been found that an electrode structure with thick buffer layer
has the desirable effects of low microwave effective index, high characteristic impedance
and low electrode loss. Therefore, an RE-MZM with a thick buffer layer offers high reso-
nant enhancement. However, thick buffer layer would degrade the modulation efficiency
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due to lower electro-optic overlap. As the first optimization investigation, the trade-off
associated with the buffer layer thickness is examined. In this case, the electrode gap
and width were kept constant at 29 µm and 6 µm, respectively. This gap, width con-
figuration is often used for broadband modulators [119]. An optimal structure from this
investigation could be realized using a standard broadband mask.
Optimization cases were run for fixed buffer layer thicknesses ranging from 0.2 µm
to 1 µm in step of 0.1 µm. The electrode thickness, terminations and electrode length are
varied by the optimizer within their constraints to achieve the highest possible modulation
efficiency using the cost function given in Section 3.5.
The optimization results are summarized in Table 3.2 and presented in Figure 3.15.
The optimizer has evidently tried to minimize electrode loss and microwave effective in-
dex by increasing the electrode thickness to its maximum value to maximize the resonant
enhancement. Thick electrodes do not have any detrimental effect on the inherent Vpi.
Figure 3.15 illustrates the relationship between the buffer layer thickness, resonant en-
hancement and overall modulation efficiency by plotting the optimal normalized induced
phase shift (∆ϕ) and the total accumulated phase change (∆Φ) as functions of buffer layer
thickness. ∆ϕ and ∆Φ are defined in Section 2.4 of Chapter 2. ∆ϕ describes the resonant
enhancement, while ∆Φ indicates the actual modulation efficiency. As expected, ∆ϕ is
higher with thicker buffer layer due to lower loss, lower microwave effective index and
higher impedance. Since the gap and width are constant, the only factor that influences
inherent Vpi is buffer layer thickness. Inherent Vpi is reduced significantly from 17.4 Vcm
with Tb = 1µm to 11 Vcm with Tb = 0.2µm. This reduction of inherent Vpi causes the to-
tal accumulated phase change to increase with smaller Tb as shown in Figure 3.15. When
Tb drops from 1 µm to 0.2 µm, the optical response increases by 1.7 dB. Thus, one can
get better resonant enhancement with thicker buffer layer, but to achieve maximum overall
modulation efficiency, thin buffer layer should be used as suggested by the optimizer.
3.6.2 Optimization with electrode gap
As concluded in Section 3.4.2, the electrode gap has a great impact on all electrode pa-
rameters, but the net effect on the overall modulation efficiency is not clear. A large
electrode gap might be the preferred choice for high resonant enhancement due to low
loss and high impedance. However, the gap should be made narrow to reduce the inherent
Vpi. The purpose of this Section is to use the optimization algorithm to identify the effect
of electrode gap on the overall modulation efficiency of an RE-MZM and to analyze the
optimization trends to identify the best choice of electrode structure.
Optimization cases were run for fixed electrode gaps ranging from 5 µm to 50 µm
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Table 3.2: Optimization results for different buffer layer thicknesses
Tb Te Inherent l L1 L2
(µm) (µm) Vpi(Vcm) (cm) (nH) (nH)
0.2 30 11.01 5.351 2.066 2.066
0.3 30 11.85 5.509 2.095 2.095
0.4 30 12.69 5.674 2.122 2.122
0.5 30 13.48 5.796 2.148 2.148
0.6 30 14.28 5.921 2.173 2.173
0.7 30 15.04 6 2.196 2.196
0.8 30 15.80 6 2.231 2.231
0.9 30 16.6 6 2.266 2.266
1 30 17.36 6 2.306 2.306
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Figure 3.15: The normalized induced phase shift ∆ϕ and total accumulated phase change ∆Φ
(assuming source voltage Vs = 2V) as functions of buffer layer thickness Tb.
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Table 3.3: Optimization results for different electrode gaps
G W Tb Te Inherent l L1 L2
(µm) (µm) (µm) (µm) Vpi (Vcm) (cm) (nH) (nH)
5 14 0.2 15 5.235 4.58 3.139 1.187
8 14 0.2 25 5.26 5.432 2.559 1.233
11 14 0.2 30 6.00 5.436 2.262 1.275
14 14 0.2 30 6.60 5.300 2.103 1.320
17 14 0.2 30 7.06 5.193 1.994 1.367
20 16 0.2 30 7.34 5.036 1.855 1.361
23 16 0.2 30 7.67 4.961 1.790 1.403
26 16 0.2 30 7.98 4.903 1.735 1.446
29 16 0.2 30 8.21 4.849 1.692 1.486
32 16 0.2 30 8.41 4.821 1.676 1.548
35 16 0.2 30 8.65 4.785 1.647 1.589
38 16 0.2 30 8.80 4.751 1.620 1.629
41 16 0.2 30 8.97 4.720 1.609 1.666
44 16 0.2 30 9.08 4.692 1.580 1.701
47 16 0.2 30 9.25 4.669 1.562 1.737
50 16 0.2 30 9.33 4.645 1.539 1.759
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Figure 3.16: The normalized induced phase shift ∆ϕ and total accumulated phase change ∆Φ
(assuming source voltage Vs = 2V) as functions of electrode gap G.
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in step of 3 µm. All other parameters were set as variables. The optimization results
for different electrode gaps are summarized in Table 3.3 and presented in Figure 3.16.
As in the case of optimization with buffer layer thickness, the electrodes have become
very thick to reduce electrode loss except when the gap is very small. Furthermore, the
optimizer automatically sought reduced inherent Vpi with very thin buffer layer for all gap
cases. It can be seen from Table 3.3, since the center electrode width was a variable, it
was increased so that optical waveguides can be placed at optimal positions to get lowest
inherent Vpi at the expense of reduced characteristic impedance and increased microwave
effective index.
The reason why the optimizer has chosen a thinner electrode for small gaps can be
explained as follows. When gap is very narrow, the characteristic impedance is much
lower than the microwave source impedance of 50 Ω. Hence, the optimizer had difficulty
in finding terminations that satisfied the condition S11 < −15 dB. Higher characteristic
impedance can be achieved with narrow center electrode, thick buffer layer and thin elec-
trode. Among those options, only the last one does not have any severe effect on inherent
Vpi, other options make Vpi increase quickly. Therefore, the optimizer has reduced the
electrode thickness in order to provide a good impedance match to a 50 Ω source at the
expense of higher electrode loss for the cases of very narrow gaps.
Figure 3.16 shows the resulting normalized induced phase shift and total accumulated
phase change as functions of the electrode gap. Examination of Figure 3.16 indicates that
the normalized induced phase shift increases almost linearly with electrode gap. As shown
in Figure 3.17, a large electrode gap makes the amplitude of the standing wave inside the
electrode increase. Hence, a large electrode gap causes increased resonant enhancement.
Thus, the electrode gap should be made very large to increase the normalized induced
phase shift. However, the high inherent Vpi associated with the large electrode gap limits
the modulation efficiency. When the gap increases from 14µm to 50µm, the normalized
induced phase shift increases from 0.8 to 1.45, which is 81 % increase. With the same
increase of gap, VpiL increase from 6.6 V.cm to 9.33 V.cm. Because of this increase
of VpiL, the total accumulated phase change increases only 14 %. It is evident from
Figure 3.16 that although inherent Vpi is degraded with increasing gap, it is still possible
to achieve a better overall modulation efficiency with large gap due to higher resonant
enhancement associated with low loss and high characteristic impedance.
From the optimization results, the responses of the resulting RE-MZMs with differ-
ent electrode gap were calculated using the simulation tool described in Section 2.4 of
Chapter 2. Figure 3.17 shows the profile of the voltage amplitude on the electrodes of
the optimized RE-MZMs with different electrode gaps. When the gap is large, electrode
attenuation drops and characteristic impedance increases. As a consequence, a strong
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Figure 3.17: Voltage distribution on the electrode, assuming source voltage Vs = 2V.
standing wave is built in the electrode as shown in Figure 3.17.
Figure 3.18 shows the frequency dependent optical response of an RE-MZM in com-
parison with a unenhanced modulator and a broadband traveling-wave electrode modu-
lator (TE-MZM). The RE-MZM is the optimized modulator with 50 µm electrode gap.
The unenhanced modulator has the same electrode dimensions as the resonant modulator
with the input termination removed and the output terminated with a matched load. The
TE-MZM has the electrode structure optimised for low inherent switching voltage and
low loss while maintaining index and impedance match conditions [119]. The electrode
length of the TE-MZM is identical to that of the RE-MZM. At the resonant frequency
of 1.8 GHz, the optimized RE-MZM provides approximately 6 dB improvement over the
unenhanced modulator. Due to the optimised electrode structure for resonant operation at
1.8GHz, the unenhanced modulator has higher modulation efficiency than the TE-MZM.
The RF return loss of the RE-MZM, unenhanced modulator and TE-MZM is shown in
Figure 3.19. It is clear that at the resonant frequency, the optimized RE-MZM offers ex-
cellent RF return loss. At resonance, the return loss of the optimized RE-MZM is much
lower than that of the unenhanced modulator.
3.6.3 Summary
In this Section, the investigation of RE-MZMs using the numerical optimization tool has
been presented. The optimization has been used to explore the design trade-offs. It is
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shown that electrode loss is the main factor that limits the modulation efficiency of an
RE-MZM. By using thick electrodes and increasing the gap between center electrode and
ground plane to lower the attenuation, it is possible to obtain strong resonant enhance-
ment. The high inherent Vpi associated with larger electrode gap can be compensated by
using a thin buffer layer. The center electrode should also be widened to optimal width
to achieve lowest possible Vpi. In summary, the optimal configuration is buffer thick-
ness Tb = 0.2µm, electrode thickness Te = 30µm, electrode gap G = 50µm and center
electrode width W = 16µm.
3.7 Conclusions
At the beginning of this Chapter, the theoretical models to simulate the behavior of modu-
lator electrodes and Ti-diffused optical waveguides were given. The electrodes were mod-
elled by a vector FEM simulator with first order hybrid edge/node functions. The optical
waveguides were simulated using a Finite Different method with a scalar approximation.
From these simulation models, the microwave effective index, characteristic impedance,
attenuation constant and inherent switching voltage could be found. The overlap integral
method was selected to calculate the inherent switching voltage due to short simulation
time required and acceptable accuracy. An analysis on the optimal position of the optical
waveguides to increase the strength of electro-optic interaction for X-cut LiNbO3 optical
modulators was also presented. It was found that because of the requirement of minimum
separation between two optical waveguides of 20 µm, it is not always possible to place
both optical waveguides at the optimal positions simultaneously.
Based on these developed simulation models, the impact of electrode cross-sectional
dimensions including electrode gap, width, thickness and buffer layer thickness on the
characteristics of a CPW electrode structure were investigated in Section 3.4. The inves-
tigations were put in the context of attempting to design an optimal electrode structure
for resonantly enhanced modulation. However, the findings of Section 3.4 indicate that
it is not a simple task. Because the overall modulation efficiency of an RE-MZM de-
pends equally on both the inherent switching voltage and resonant enhancement factor, to
achieve high modulation efficiency, the optimal electrode structure must have low inher-
ent switching voltage and provide high resonant enhancement. The inherent switching
voltage depends strongly on the electrode gap, electrode width and the thickness of the
buffer layer, but is independent of electrode thickness. Whereas, the resonant enhance-
ment is a complex function of all electrode cross-sectional parameters. It was found that
low inherent switching voltage and high resonant enhancement can not be achieved si-
multaneously by varying any electrode cross-sectional dimension in isolation, especially
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the buffer layer thickness and electrode gap. Some design trade-offs between the inherent
switching voltage and resonant enhancement were thus necessary.
Section 3.4 identified the trade-offs associated with the buffer layer thickness and
electrode gap. Because of the number of parameters involved and resonant behavior,
it would be a tedious task to optimize the electrode structure manually. Therefore, a
numerical optimization approach was proposed to investigate the design trade-offs. The
optimization procedure, optimization parameters, parameter boundaries and optimization
cost function were presented in Section 3.5. Adaptive simulated annealing was chosen
for optimization routine.
Having the optimization approach developed in Section 3.5, the design trade-offs as-
sociated with the buffer layer thickness and electrode gap were explored in Section 3.6
to seek for optimal electrode structure for RE-MZMs. Firstly, the trend on the choice of
buffer layer thickness was identified. It was found that the numerical optimizer reduced
the buffer layer thickness in order to increase the overall modulation efficiency by low-
ering the inherent switching voltage even at the expense of lower resonant enhancement.
The effect of electrode gap on the overall modulation efficiency was then investigated
with the numerical optimization approach. The results of this investigation indicated that
a modulator with a large electrode gap provides better overall modulation efficiency. An
electrode with a large electrode gap has low electrode loss and high impedance; therefore,
the resonant enhancement is increased with large electrode gap. On the other hand, a large
electrode gap degrades the inherent switching voltage. However, the overall modulation
efficiency still improves with a large electrode gap.
In conclusion, the optimal electrode structures for RE-MZMs on X-cut LiNbO3 have
been identified in this Chapter. Optimal structures are those with thin buffer layer, thick
electrode, wide gap and optimal electrode width so that both optical waveguides can be
placed at two corners of the hot electrode while still satisfying the minimum separation
requirement. Because of the requirement of very thick electrode, it is anticipated that the
performance of the resulting RE-MZM might be sensitive to the variations of electrode
dimensions due to fabrication variations. This is the scope of Chapter 4.
Chapter 4
Sensitivity Analysis of the Numerically
Optimized Resonantly Enhanced
Modulators
4.1 Introduction
In Chapter 3, the numerical optimization has been applied to the analysis of optimal elec-
trode configurations for resonantly enhanced modulators (RE-MZMs) on X-cut LiNbO3
with CPW electrodes. The optimization investigation suggested that optimal electrode
configurations are those with thick electrodes. Thick electrodes help to reduce the elec-
trode loss and the microwave propagation constant. Therefore, the degree of the resonant
enhancement is increased with thick electrodes. The electrodes are usually formed by
the electroplating of gold on the substrate with the pattern defined by a thick photoresist
layer. With the current electroplating technology, gold electrodes with thickness up to
30 µm can be realized [52, 120]. However, the 30 µm plating process may have some-
what large process variation. It is expected that the gap, width, buffer layer thickness
and gold thickness dimensions of the fabricated electrodes may vary from the designed
values. Furthermore, due to large thickness, the electrode walls are not perfectly vertical
as normally assumed. These factors cause variations in the microwave and electro-optic
interaction characteristics of the fabricated modulator electrodes. Because of the resonant
nature, the operating frequency and the modulation efficiency of a modulator that utilizes
a resonant electrode strongly depend on the characteristics of the electrode. Furthermore,
due to the high-Q resonant cavity, the modulation efficiency reduces very quickly when
the operating frequency moves away from the electrode resonant frequency. Therefore,
to ensure high fabrication yield, it is important that the resonant frequency is relatively
insensitive to fabrication variability.
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The optical response of an RE-MZM has a peak at the microwave resonant frequency
and quickly rolls off at other frequencies. The rate of the roll off depends on the Q-factor
of the resonant cavity. A high-Q cavity leads to a high roll off rate. In order to maximize
the resonant enhancement of the optical modulation, the Q-factor of the resonant cavity
needs to be maximized by reducing electrode loss. With fixed terminations and electrode
length, the resonant frequency is largely determined by the microwave effective index of
the electrode. Therefore, to keep the modulator operating at the designed frequency f0,
the variations of the microwave effective index needs to be kept as small as possible. Any
variation of the electrode cross-sectional parameters will cause the microwave effective
index, together with the characteristic impedance, attenuation constant and the inherent
switching voltage Vpi to change. This, in turn, causes the shift of the resonant frequency
and the deviation of the modulator optical response.
In this Chapter, the effects of real world manufacturing tolerances on the performance
of RE-MZMs, including the resonant frequency and the modulation efficiency at the op-
erating frequency, is investigated. The investigation includes the effects of the variations
of electrode gap, width, buffer layer thickness and electrode thickness. Furthermore, the
effects of electrode wall angles other than a perfectly vertical wall are also investigated.
In Chapter 3, it was found that an electrode with a large gap provides higher modulation
efficiency through resonant enhancement than one with a narrow gap. This Chapter aims
to determine whether resonant modulators with a large or small electrode gap are the most
tolerant to the fabrication fluctuations.
To start up the investigation, a brief summary of electrode structure to be considered
and simulation models used to obtain the modulator characteristics is given in Section 4.2.
The investigation on the effects of the variations of electrode gap and width on the perfor-
mance of an RE-MZM is presented in Section 4.3. Section 4.4 presents the investigation
of the impacts of the buffer layer thickness and electrode thickness variations. The effects
of the electrode wall angle are given in Section 4.5. A Monte Carlo analysis is presented
in Section 4.6 to explore the sensitivity of RE-MZMs with respect to the random vari-
ations of electrode cross-sectional dimensions. Discussions about main findings of this
Chapter is given in Section 4.7. Finally, Section 4.8 concludes this Chapter.
4.2 Electrode configuration and model
Figure 4.1 shows the diagram of an electroplated gold CPW electrode structure on X-cut
LiNbO3. The electrode walls are assumed to be perfectly vertical. The effects of electrode
wall angle will be considered later in Section 4.5 of this Chapter. To minimize the cou-
pling between the optical waveguides, two optical waveguides are separated by 20 µm.
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Figure 4.1: Optimal CPW electrode structure for resonantly enhanced optical modulator.
In this investigation, the optical waveguides are assumed to be formed by diffusion of
7 µm wide and 1000 A˚ thick Ti strip with diffusion lengths of 4 µm. Following the re-
sults of the optimization investigation in Chapter 3, the electrode has 16 µm width and
30 µm thickness. The SiO2 buffer layer thickness is 0.2 µm. Two optical waveguides
are placed symmetrically with respect to the center electrode so that the optical waveg-
uides get the strongest electro-optic interaction. Two cases of electrode gap (G = 20µm
and G = 50µm) are investigated. These width, gap, electrode thickness and buffer layer
thickness dimensions are called the nominal dimensions. Due the fluctuations in the man-
ufacturing process, the electrode dimensions can depart from the nominal dimensions.
Only variations of electrode cross-sectional dimensions are considered. The variations of
the optical waveguide fabrication conditions are not investigated.
The simulation models which were presented in Chapter 3 were used to estimate the
microwave and electro-optic interaction characteristics of the electrode. The microwave
effective index, characteristic impedance, attenuation constant and the inherent switch-
ing voltage for different variations of the electrode cross-sectional dimensions from their
nominal values were calculated. The performance of the resulting RE-MZMs with each
combination of electrode dimensions were predicted using the simulation tool given in
Chapter 2, Section 2.4. The equivalent circuit model as in Figure 3.14 of Chapter 3 was
used in the simulations. The length of the electrode and the values of inductive termina-
tions were assumed to be constant throughout all simulations.
From the calculated optical response, the new peak resonant frequency of the RE-
MZM resulting from the variations of electrode dimensions can be found. The percentage
of the frequency change with respect to the designed frequency is defined as:
∆f0 = (fr − f0)/f0 ∗ 100 (4.1)
where f0 is the designed operating frequency, fr is the resulting peak resonant frequency.
The variation of the modulation efficiency at the designed operating frequency is:
∆OR = ORr − OR0 (dB) (4.2)
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where ORr is the resulting optical response and OR0 is the optical response when all
electrode dimensions are at their nominal values.
In the following Sections, an investigation of the effects of the variations of elec-
trode cross-sectional dimensions on the peak resonant frequency and the modulation effi-
ciency at the designed frequency is presented. The electrode cross-sectional dimensions
are grouped into two categories, horizontal dimensions which include electrode gap and
width, and vertical dimensions which include buffer layer thickness and electrode thick-
ness.
4.3 Variations of the electrode gap and width
This Section sets out to investigate the effects of the electrode gap and width variations on
the performance of RE-MZMs. The sizes of electrode gap and width can change from the
nominal values due to the tolerance of the mask manufacturing, photoresist development
and electroplating processes. The variations of electrode gap and width can have some
correlated relationships, for example, when etching the photoresist layer, if it is over-
etched, the width will be wider but the gap will be narrower.
4.3.1 Impact on the resonant frequency
Using the electrode structure and models described in Section 4.2, the microwave charac-
teristics of the electrode were calculated when the electrode gap and width vary by up to
±4µm from their nominal values G −W − G = 20 − 16 − 20µm and G −W − G =
50−16−50µm. The buffer layer thickness and the electrode thickness were fixed at their
nominal values of 0.2 µm and 30 µm, respectively.
Figure 4.2 and Figure 4.3 show the derivation of the microwave effective index with
the variations of electrode gap and width for two configurations with nominal gap G =
20 µm and G = 50 µm, respectively. The comparison of Figure 4.2 and Figure 4.3 reveals
that in the case of the nominal G = 20 µm, the effective index is more sensitive to the
electrode gap and width variations than the case of nominal G = 50 µm.
In Figure 4.4 and Figure 4.5, the contours of the variation of the peak resonant fre-
quency, as a function of electrode gap and width variation, are plotted. Figure 4.4 and
Figure 4.5 closely resemble Figure 4.2 and Figure 4.3 since the resonant frequency is
mainly determined by the electrical length of the resonant cavity. In the case of electrode
with moderate gap (nominal G = 20 µm), the peak resonant frequency can vary up to 3 %
from the designed frequency when the gap and width is varied by ±4 µm. Whereas, with
large electrode gap (nominal G = 50µm), maximum deviation of the peak resonant fre-
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Figure 4.2: The effect of G−W variations on the electrode microwave effective index, nominal
G = 20 µm.
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Figure 4.3: The effect of G−W variations on the electrode microwave effective index, nominal
G = 50 µm.
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Figure 4.4: The effect ofG−W variations on the peak resonant frequency, nominal G = 20 µm.
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Figure 4.5: The effect ofG−W variations on the peak resonant frequency, nominal G = 50 µm.
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quency is about 2 %. When nominal G = 20 µm, the peak resonant frequency is sensitive
equally to both gap and width variation. However, when nominal G = 50 µm, the peak
resonant frequency is much more sensitive to the width variation than to the gap variation.
It can also be seen that the peak resonant frequency does not change much if the gap and
width vary in complimentary ways, eg. peak resonant frequency is maintained when the
width increases by 2 µm and the gap decreases by 2.5 µm for the moderate gap config-
uration. This will be the case if the width and gap variations result from over-etching or
under etching of the photoresist layer formation used in the electroplating process.
4.3.2 Impact on the modulation efficiency
When the electrode gap and width change from their designed values, other microwave
properties of the electrode, such as characteristic impedance and attenuation constant,
also change from their nominal values. These changes cause the variation of the resonant
enhancement. Futhermore, variations of the gap and width make the inherent switching
voltage vary. Therefore, not only the peak resonant frequency but the overall modulation
efficiency also changes as the result of gap and width variations.
As in the case of resonant frequency investigation of Subsection 4.3.1, the character-
istics of the electrode were calculated with different variations of electrode gap and width
from their nominal values. The optical response at the designed operating frequency was
then modeled and compared to the optical response when all electrode dimensions were
at their nominal values.
Figure 4.6 and Figure 4.7 present the deviation of the modulation efficiency from
the designed value at the operating frequency as a function of gap and width variations
for a nominal gap of 20 µm and 50 µm, respectively. For a large gap, the impact of
the variation of electrode gap and width on electrode loss and impedance is very small.
However, the investigation of Section 3.4 of Chapter 3 indicates that any variation of
center electrode width has a large effect on the inherent switching voltage. Since both
optical waveguides are designed to be at the optimal positions at two corners of center
electrode to get strongest electro-optic interaction, when the width of the center electrode
changes, the optical waveguides move away from the optimal positions. Therefore, at
large electrode gap, the modulator optical response is only sensitive to the center electrode
width variation as shown in Figure 4.7. Whereas, when the gap is small, both electrode
gap and width variations have an equal impact on the electrode characteristic impedance,
attenuation and inherent switching voltage. This makes the response sensitive to both gap
and width variations.
The examination of Figures 4.4, 4.5, 4.6 and 4.7 suggests that when the fabricated
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Figure 4.6: The effect of G−W variations on the modulation efficiency, nominal G = 20 µm.
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Figure 4.7: The effect of G−W variations on the modulation efficiency, nominal G = 50 µm.
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center electrode width is smaller than the designed value, the gap should be made larger
in order to maintain the peak resonant frequency and the modulator response. Therefore,
under-etching of the photoresist pattern used for gold plating of the electrodes does not
have detrimental effect on the modulator performance. While over-etching of the pho-
toresist can still provide matched resonant frequency but the modulator efficiency would
be lower than the nominal value.
4.3.3 Summary
This Section has presented the investigation of the impact of electrode gap and width
variations on the peak resonant frequency and the modulation efficiency at the designed
operating frequency. The findings of this investigation indicate that a large electrode gap
help to reduce the sensitivity of the peak resonant frequency and the modulation efficiency
to the variations of electrode gap and width. Furthermore, when the gap is small, both the
peak resonant frequency and the modulation efficiency vary quickly with both gap and
width variations. However, a large electrode gap makes the impact of the gap variation on
the peak resonant frequency and the modulation efficiency insignificant. It was also found
that the performance of an RE-MZM is not significantly affected when the photoresist
layer is under-etched during the electroplating process.
4.4 Variations of the buffer layer and electrode thickness
In this Section, the investigation of the effects of the variations of the vertical dimensions
on the performance of an RE-MZM is carried out. The variations of the buffer and gold
thicknesses can result from the fluctuations of the SiO2 deposition and electroplating of
gold. Unlike the case of horizontal dimensions in Section 4.3, there is no correlation be-
tween the variations in the thickness of the buffer layer and gold electrode. The thickness
of the buffer layer can be precisely controlled by the in-situ monitoring of the layer thick-
ness during the SiO2 deposition process. However, when forming thick electrodes, it is
difficult to accurately control the thickness of the electroplated gold layer.
4.4.1 Impact on the resonant frequency
In this investigation, the buffer layer thickness and electrode thickness were varied from
their nominal values while keeping the electrode gap and width constant. Two electrode
configurations were considered, one with nominal G = 20 µm and one with nominal
G = 50 µm. The hot electrode width was fixed at 16 µm. The characteristics of the
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Figure 4.8: The effect of buffer layer thickness Tb and electrode thickness Te variations on the
electrode microwave effective index Nm, nominal G = 20 µm.
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Figure 4.9: The effect of buffer layer thickness Tb and electrode thickness Te variations on the
electrode microwave effective index Nm, nominal G = 50 µm.
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Figure 4.10: The effect of buffer layer thickness Tb and electrode thickness Te variations on the
peak resonant frequency, nominal G = 20 µm.
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Figure 4.11: The effect of buffer layer thickness Tb and electrode thickness Te variations on the
peak resonant frequency, nominal G = 50 µm.
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electrode were calculated when the buffer layer thickness and electrode thickness were
varied from 0.1 µm to 0.3 µm and from 26 µm to 34 µm, respectively.
Figure 4.8 and Figure 4.9 show how the microwave effective index changes with the
variations of the buffer layer thickness and electrode thickness. As investigated in Chap-
ter 3, the microwave effective index is very sensitive to changes in the buffer layer thick-
ness. However, with in-situ monitoring, it is possible to achieve the thickness accuracy of
10 nm. It can also be seen that the electrode thickness has a large effect on the effective
index. As in Section 4.3, in the case of gap and width variations, with a wide gap, the
microwave index is less sensitive to the variation of buffer layer and electrode thickness
The behavior of the peak resonant frequency is shown in Figure 4.10 Figure 4.11 when
the buffer layer thickness varies by ±0.1µm and the electrode thickness varies by ±4µm
for the cases of G = 20µm and G = 50µm, respectively. G = 20 µm, a 4 µm variation
of the electrode thickness causes 2% change of the peak resonant frequency. If the gap is
made wider to 50 µm, 1.5% change of the peak resonant frequency results from the same
amount of the change of electrode thickness. The peak resonant frequency of the 50 µm
nominal gap is less sensitive to the variations of buffer layer thickness and gold thickness
than the 20 µm nominal gap structure. However, the difference between two structures is
smaller than in the case of electrode gap and width.
4.4.2 Impact on the modulation efficiency
With the same variations of the buffer layer thickness and the electrode thickness as in
Subsection 4.4.1, the modulation efficiency of the resulting RE-MZMs at the designed
operating frequency was calculated and compared to the nominal value.
In Figure 4.12 and Figure 4.13, the sensitivities of the modulator efficiency at the
designed frequency to the changes of buffer layer thickness and electrode thickness for
the cases of G = 20 µm and G = 50 µm are shown. It is interesting to note that the
modulation efficiency in the 50 µm gap configuration is more sensitive to the variations
of buffer layer thickness and electrode thickness than in the moderate gap modulator.
In Section 3.4 of Chapter 3, it was found that the effect of the electrode thickness
variation on the inherent switching voltage is negligible. Therefore, any change to the
modulator response due to the variation of the electrode thickness only comes from the
change of the modulation enhancement. In the small gap configuration, the electrode cav-
ity loss is higher than in the large gap configuration. Hence, the Q-factor of the resonant
cavity of the small gap modulator is lower than that of the large gap modulator. Therefore,
the shift in the peak resonant frequency causes the modulator response to depart from the
designed value more quickly in the case of the large gap modulator.
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Figure 4.12: The effect of buffer layer thickness Tb and electrode thickness Te variations on the
modulator efficiency, nominal G = 20 µm.
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Figure 4.13: The effect of buffer layer thickness Tb and electrode thickness Te variations on the
modulator efficiency, nominal G = 50 µm.
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4.4.3 Summary
The effects of the variation of the buffer layer thickness and electrode thickness from their
nominal values on the performance of an RE-MZM have been analyzed in this Section.
The peak resonant frequency and the modulation efficiency at the designed operating fre-
quency are sensitive to both the buffer layer thickness and electrode thickness variations.
As in the case of G and W variations of Section 4.3, a large electrode gap makes the peak
resonant frequency less sensitive to the variations of buffer layer thickness and electrode
thickness than a small gap configuration. However, in the case of large electrode gaps, the
modulation efficiency at the designed frequency varies with the variations of the vertical
parameters more quickly than in the case of small electrode gaps. Because among all
cross-sectional dimensions, the buffer layer thickness is the most controllable parameter,
the effects of the buffer layer variation can be minimized.
4.5 The effects of electrode wall angle
In Section 4.3 and Section 4.4, the effects of the variations of electrode cross-sectional
dimensions on the performance of RE-MZMs have been investigated. In those investiga-
tions, the electrode walls have been assumed to be perfectly vertical. The optimization
in Chapter 3 suggested that the optimal electrodes should have a very thick electrode to
minimize the electrode loss. With current electroplating technology, the electrode thick-
ness of more than 30 µm is achievable; however, due to large thickness, the electroplating
process will cause the electrode to be in trapezoidal shape, as shown in Figure 4.14. The
electrode wall angles can be up to 10 degrees [120, 124]. The trapezoidal shape of the
electrodes is mostly caused by the imperfect shape of the thick photoresist layer which
defines the electrode pattern. Scattering of the UV light used to expose the photoresist is
the main cause of the imperfect shape of the photoresist layer. Thick photoresist requires
longer exposion time to UV light; therefore, the thicker the photoresist layer is, the larger
the angle is.
This Section examines the effects of the variation of electrode wall angle on the per-
formance of RE-MZMs. As in other investigations, both configurations with small and
large gaps will be investigated and compared. In this investigation, it is assumed that all
electrode side walls have the same angles. A positive side wall angle indicates that the
top of the electrode is wider than the bottom. When electrode top is narrower than the
bottom, the side wall angle is a negative number. For trapezoidal electrodes, the gap and
width parameters refer to the gap and width at the bottom of the electrodes.
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Figure 4.14: Trapezoidal CPW electrode.
4.5.1 Impact on the resonant frequency
Using the simulation models of Chapter 3, the characteristics of the electrodes with the
electrode wall angle varying from -10 degrees to 10 degrees were calculated. Figure 4.15
shows the side wall angle dependency of the microwave effective index for both wide
gap and moderate gap electrodes. It can be seen that at a small gap, the microwave
effective index varies quickly with the sidewall inclination. The degree of the effective
index variation of the large gap electrode is much smaller. Wall angle of 10 degrees
makes the microwave effective index change by approximately 11 % from the nominal
value in the case the electrode gap is 20 µm. Whereas, only 4 % change in effective index
results from the same change of electrode wall angle with the same electrode width, gold
thickness and buffer layer thickness, but with a 50 µm gap.
Figure 4.16 shows the sensitivity to the electrode side wall variation of the peak reso-
nant frequency. The change of the peak resonant frequency of an RE-MZM with 20 µm
electrode gap is more than twice the frequency change of an RE-MZM with 50 µm elec-
trode gap having the same electrode wall angle. The direction of electrode wall inclination
has a large effect on the variation of the peak resonant frequency in the case of 20 µm gap.
A positive angle (electrode width increases from bottom to top) makes the peak resonant
frequency move away from the designed operating frequency more quickly than a nega-
tive angle. Whereas, in 50 µm gap electrode modulator, the same electrode wall angle in
either direction causes the same change of the peak resonant frequency.
4.5.2 Impact on the modulation efficiency
The optical responses of the resulting modulators with different electrode wall angles
were calculated and compared to the response when the wall is perfectly vertical to ana-
lyze the effect of wall angle on the modulation efficiency. Figure 4.17 shows the variation
of the modulation efficiency at the designed frequency as a function of the electrode wall
angle. It can be seen that a negative electrode wall angle does not make any difference to
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Figure 4.15: The microwave effective index variation as a function of electrode wall angle.
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Figure 4.16: The peak resonant frequency variation as a function of electrode wall angle.
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Figure 4.17: The variation of modulation efficiency at the designed frequency as a function of
electrode wall angle.
the optical response at the designed frequency between large and small gap modulators.
However, the optical response of an RE-MZM with a narrow electrode gap reduces more
quickly with the electrode wall angle if the angle is positive. It was confirmed that with
standard electroplating techniques, gold electroplating electrodes usually get wider at the
top than the bottom. Thus, a wide gap electrode makes the modulation efficiency at the
designed frequency less sensitive to the variation of the electrode wall angle.
4.5.3 Summary
The findings of this Section indicate that the variation of electrode wall angle has a sig-
nificant effect to the performance of an RE-MZM with thick electrodes. Both the peak
resonant frequency and the modulation efficiency is less sensitive to the wall angle vari-
ation if the gap is made large. At large electrode gap of 50 µm, the electrode can be
electroplated in single layer without any degradation to the performance. For a small
electrode gap, multilayer electroplating [120], which is a more expensive process, may be
required to keep the modulator performance within the acceptable tolerance.
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4.6 Monte-Carlo variations of parameters
In the previous Sections, the effects of the variations of individual electrode dimension
on the performance of the RE-MZM has been analyzed. This Section analyzes how the
performance is affected if variations in all dimensions are taken into account.
First, the worst case scenario, in which all dimensions are varied such that the errors in
peak resonant frequency due to errors in each dimension have the same sign and thus add
cumulatively producing the most extreme results, is considered. Figure 4.18(a) and Fig-
ure 4.18(b) present the frequency dependent optical response of these cases together with
that of the nominal cases for nominal gaps of 20 µm and 50 µm, respectively. The optical
responses were normalized to the responses at 1.8 GHz. The results of Figure 4.18(a) and
Figure 4.18(b) confirm the conclusions of the previous Sections that the peak resonant
frequency of the modulator with 20 µm gap departs from the designed frequency more
quickly than of the 50 µm nominal gap modulator with the same variation of electrode
dimensions. It was observed in Section 4.3.2 that the modulator optical response at the
designed operating frequency of the 50 µm nominal gap modulator is more sensitive to
the variation of the buffer layer thickness and electrode thickness than of the modulator
with 20 µm gap. However, if the variations of all electrode dimensions are considered,
the errors in the optical responses of both modulators are almost the same.
Next, a Monte-Carlo analysis was performed to assess the sensitivity of the RE-MZM
with respect to random variations of electrode physical dimensions. Normal distributions
were assumed for the variations of all electrode dimensions including the electrode wall
angle. The standard deviation of each dimension was electrode gap: 2 µm, width: 2 µm,
gold thickness: 4 µm, buffer layer thickness: 0.02 µm, and wall angle: 5 degrees. The
number of devices simulated was 32000 for each case of nominal electrode gap.
Figure 4.19 shows the relative frequency histograms of the errors of the peak resonant
frequency for 20 µm and 50 µm nominal gap modulators. There are few noticeable fea-
tures that can be identified from Figure 4.19. As discussed previously, the variation of
the peak resonant frequency of the large gap modulator is much smaller than that of the
small gap modulator. The distributions of the peak resonant frequency variations follow
approximately normal distributions with the standard deviations of 2.2 % and 3.8 % for
50 µm and 20 µm nominal gap modulators, respectively. Out of 32000 simulated devices,
62 % of devices with 50 µm nominal gap have the peak resonant frequency within ±2 %
of the designed value, whereas that number for 20 µm nominal gap modulators is only
41 %.
Figure 4.20 shows the relative frequency histograms of the variations of the modula-
tion efficiency at the designed frequency for both 20 µm nominal gap and 50 µm nominal
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Figure 4.18: Normalized optical response with different variations of electrode dimensions and
wall angle. (a) Nominal G = 20 µm, (b) nominal G = 50 µm. The solid lines are the responses
when all parameters are at their nominal values, the dashed lines are the responses when the gap
is increased by 2 µm, the width is increased by 2 µm, the gold thickness is reduced by 4 µm, the
buffer layer thickness is reduced by 0.02 µm and the electrode wall angle is -5 degrees, and the
dotted lines are the responses when the gap is reduced by 2 µm, the width is reduced by 2 µm, the
gold thickness is increased by 4 µm, the buffer layer thickness is increased by 0.02 µm and the
electrode wall angle is 5 degrees.
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Figure 4.19: Percentage frequency histogram of the errors of peak resonant frequency with the
random variations of electrode dimensions and wall angle.
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Figure 4.20: Percentage frequency histogram of the variations of modulation efficiency at the
designed frequency with the random variations of electrode dimensions and wall angle.
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gap modulators. Approximately 90 % of 32000 simulated devices have the optical re-
sponse at the designed operating frequency degrading by 3 dB or less from the designed
value for both norminal gap structures. Those numbers for 1dB or less degradation are
57 % and 54 % for 50 µm and 20 µm nominal gap structures, respectively.
In summary, when all electrode cross-sectional dimensions and wall angle are taken
into account, the performance the 50 µm gap modulators are less sensitive to the variations
of dimensions and wall angle than the 20 µm gap devices.
4.7 Discussions
The analysis of Sections 4.3, 4.4, 4.5 and 4.6 reveals that the modulator performace is
less sensitive to the variations due to the fabrication process if the electrode gap is made
large. Hence, with a large electrode gap, the modulators can be fabricated quickly without
much penalty to the performance. It is possible, with such large structures, that low-cost
fabrication techniques, such as laminated photoresist, could be used.
In the sensitivity investigation of this Chapter, only variations of electrode cross-
sectional dimensions have been considered. The variations of the optical waveguide fab-
rication conditions have not been investigated. The fluctuation of the optical waveguide
only affects the inherent switching voltage, which leads to the overall modulation effi-
ciency. It does not have any effect on the resonant behavior of the modulator. Regardless
of the variations of the optical waveguides, the peak resonant frequency is maintained, and
the shape of the frequency dependent optical response curve does not change, only the ab-
solute amplitude of the optical response is scaled according to the change of the inherent
switching voltage caused by the variations of the optical waveguides. Hence, variation in
optical waveguides will impact yield in a similar manner to broadband modulators.
4.8 Conclusions
In this Chapter, the effects of the variations of electrode cross-sectional dimensions and
electrode wall angle on the performance of the modulators with resonant electrode struc-
tures have been analyzed. The distributions of the various parameters, including electrode
gap, width, thickness, buffer layer thickness and electrode wall angle, to the performance
fluctuation have been examined. Two electrode structures with a large gap of 50 µm and
with a moderate gap of 20 µm were considered.
It was shown in Sections 4.3 and 4.4 that when the gap is small, the peak resonant fre-
quency is sensitive to the variations of all electrode cross-sectional dimensions. Whereas,
CHAPTER 4. 78
with a large gap electrode, the peak resonant frequency is sensitive to only the electrode
width, buffer layer thickness and electrode thickness variations. With the same degrees
of variations in electrode width, buffer layer thickness and electrode thickness, the peak
resonant frequency of a large gap resonant modulator is more stable than that of a narrow
gap modulator.
The analysis of Sections 4.3 and 4.4 also revealed that the modulation efficiency at
the designed operating frequency is almost independent of the electrode gap when the
gap is made large, while the modulation efficiency of a small gap modulator is sensitive
to both gap and width variation. However, due to high-Q resonant cavity associated with
a large gap electrode structure, a resonant modulator with a large electrode gap is more
sensitive to the variations of the buffer layer thickness and electrode thickness in terms of
the modulation efficiency than a modulator with small electrode gap. Among all cross-
sectional dimensions, the buffer layer thickness is the most stable if its thickness is in-situ
monitored during SiO2 deposition process.
Due to the requirement of a very thick electrode to reduce electrode loss, the shape
of the electrode may depart from the ideal rectangular shape. The effects of electrode
wall angle on the performance of an RE-MZM were investigated in Section 4.5. It was
found that the peak resonant frequency and the modulation efficiency are least sensitive
to electrode wall angles when the electrode gap is made large.
Thus, in general, a large electrode gap makes the performance of an RE-MZM less
sensitive to the variations of the electrode cross-sectional dimensions and electrode wall
angle due to the fluctuations of fabrication processes. This conclusion is further confirmed
by the Monte Carlo simulations of Section 4.6.
The results of the sensitivity analysis of this Chapter are very important to the choice
of optimal electrode structure for resonant enhancement. The investigations of this Chap-
ter and Chapter 3 suggest that a large gap electrode structure is best suitable for resonant
enhancement. An RE-MZM with a large gap electrode not only provides high modu-
lation efficiency through high resonant enhancement due to low electrode loss and high
characteristic impedance, but also is the most tolerant to the fluctuations of fabrication
processes. An RE-MZM with a large electrode gap also help to ease of fabrication re-
quirements. Based on these findings, an RE-MZM with a large electrode gap on X-cut
LiNbO3 will be demonstrated experimentally in the following Chapter.
Chapter 5
Realization of a Numerically Optimized
Resonantly Enhanced Modulator
5.1 Introduction
In Chapter 3, optimal electrode configurations for resonantly enhanced modulators (RE-
MZMs) on X-cut LiNbO3 were investigated. It was found that the goals of achieving
high resonant enhancement and low inherent switching voltage can not be achieved si-
multaneously. Some design trade-offs have to be made. Hence, a numerical optimization
approach was implemented to explore the design trade-offs. With the help of the numer-
ical optimizer, optimal electrode configurations have been identified. It was shown that
optimal electrode configurations are those with large electrode gap. A large electrode gap
helps to reduce the electrode loss and increase the characteristic impedance even at the
expense of increasing inherent switching voltage. However, the net overall modulation
efficiency is improved. In Chapter 4, the sensitivity to the variations on the fabrication
conditions of the performance of the resulting resulting resonantly enhanced modulators
was also analyzed. The sensitivity analysis revealed that configurations with large elec-
trode gaps are the most tolerant to manufacturing variations.
Having identified the optimal electrode configurations, the aim of this Chapter is to
practically demonstrate a numerically optimized RE-MZM. In order to realize the opti-
mal RE-MZM of Chapter 3, an RF electrode with an electro-optic active section and the
inductive terminations must be realized. The major requirements of the inductive termi-
nations are compactness and low loss so that the total resonant cavity loss is minimized.
Thus, it is preferable to have the terminations and the RF electrode integrated on the same
LiNbO3 chip. However, it was found in [125] that terminations fabricated on LiNbO3
have considerable RF loss. This high loss limits the degree of resonant enhancement that
can be achieved. Therefore, inductive terminations should be designed and fabricated on
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Figure 5.1: Resonantly-enhanced modulator configuration.
external substrates rather than LiNbO3, which can provide low RF loss. The external in-
ductive terminations can then be connected to the active section of the RF electrode. It is
anticipated that flip-chip technology could be used to bond the external inductive termi-
nations onto the active section of the RF electrode directly. In this way, the RF electrode
does not consist of any non-active section; hence, the total resonant cavity loss is mini-
mized. Unfortunately, at the time of this investigation, the flip-chip bonding for optical
modulator technology was not mature. Thus, a hybrid approach was attempted. In this
approach, the external terminations are connected to the RF electrode by wire-bonding.
Therefore, the RF electrode must consist of non-active sections to make the connections
to external terminations possible.
Figure 5.1 illustrates the configuration of the hybrid RE-MZM. The RE-MZM con-
sists of an optical modulator on X-cut LiNbO3 and two external inductive terminations
connected to the modulator chip by wire-bonding. The optical modulator consists of op-
tical waveguides, an RF electrode and a DC biasing electrode. To allow connection to the
external terminations, the RF electrode contains curved and taper sections apart from the
electro-optic interaction section.
The outline of this Chapter is as follows. Firstly, Section 5.2 discusses the design and
fabrication of the optical modulator. In Section 5.3, the characteristics of the fabricated
modulator are presented. Based on the characteristics of the fabricated optical modulator,
the external inductive terminations were designed, fabricated and then characterized in
Section 5.4. Section 5.5 presents the performance of the fabricated RE-MZM. Then the
RE-MZM was used in an RF-photonic link. The link noise performance of the link is
presented in Section 5.6 while Section 5.7 analyzes the distortion of the link. Finally,
Section 5.8 summarizes the findings of this Chapter.
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5.2 Design and realization of the optical modulator
Based on the investigations presented in Chapter 3 and Chapter 4, the dimensions of the
modulator to be fabricated are now specified. The optimization in Chapter 3 and sensi-
tivity analysis of Chapter 4 suggested that a large gap is the best for resonant operation.
Hence, a large value of 50 µm was selected for the electrode gap. A thick electrode of
more than 30 µm can be fabricated with multilayer electroplating using the processing
facilities at the Microelectronics and Material Technology Centre (MMTC), RMIT Uni-
versity. Hence, a 30 µm thick electrode was specified. The optimization in Chapter 3
suggested an optimal electrode width of 16µm with 20 µm minimum separation of two
optical waveguides. However, in this investigation, an existing mask will be used to form
the optical waveguides. This mask has the optical waveguide separation of 26 µm. There-
fore, the electrode width was selected as 22 µm so that the switching voltage is reduced by
placing both optical waveguides at the strongest electro-optic interaction positions. Also,
as suggested by the optimization investigations, the SiO2 buffer layer was 0.2 µm thick
to help to reduce the switching voltage further. The total length of one optical waveguide
arm in the existing optical mask is 4.4 cm. Within this optical waveguide length, 0.5 cm
has to be reserved for DC biasing electrode. After leaving some space for the taper and
curved sections, the active section of the RF electrode was 3.7 cm long.
With the help of the FEM simulation tool as described in Chapter 3, the characteristics
of the designed modulator were calculated and summarized in Table 5.1.
The modulator was then fabricated at the MMTC using the processing techniques
given in [126]. A 3-inch X-cut LiNbO3 wafer was used. In order to form the gold thick-
ness of 30 µm, three layer electroplating was used. Figure 5.2 shows the scanning electron
microscope (SEM) pictures of the fabricated modulator chip.
Table 5.1: Calculated modulator electrode characteristics
Parameter Value
Microwave effective index (Nm) 3.196
Characteristic Impedance (Zc) 34.9 Ω
Electrode conductor loss (α) 0.19 dB/cm√GHz
Inherent switching voltage length product (VpiL) 9.65 Vcm
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Active section
Curved section
Taper
(a) (b)
Figure 5.2: SEM pictures of the fabricated modulator chip. (a) Part of the modulator chip showing
the active section together with the curved and taper sections. (b) The closed-up view of the active
section showing 3 layer electroplating.
5.3 Modulator characterization
After the modulator was fabricated, separated and mounted into the carrier, it was char-
acterised to assess its performance before the resonant enhancement was performed. The
DC characteristics including Vpi, extinction ratio, optical insertion loss and the RF char-
acteristics including electrode attenuation constant, microwave effective index, character-
istic impedance and the optical response of the fabricated modulator were measured.
5.3.1 DC characterization
The extinction ratio of the fabricated modulator was measured to be larger than 30 dB.
The insertion loss is about 10 dB. The optical insertion loss of the modulator is relatively
high. This excessive loss is due to the defects in the end-face polishing of this particular
modulator. The typical insertion loss of modulators fabricated at RMIT is about 5 dB.
The inherent switching voltages Vpi of the RF and biasing electrodes were then mea-
sured. The RF electrode has Vpi of 2.5V. With 3.7 cm active section, this Vpi corresponds
to a VpiL product of 9.25 Vcm. The measured value of VpiL is in good agreement with the
simulation value of 9.65 Vcm reported in Table 5.1. The Vpi of the DC biasing electrode
is about 10.4 V.
5.3.2 RF characterization
The S11 and S21 parameters of the modulator were measured using an RF microprobe
station setup with a calibrated vector network analyser. From these measured parame-
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Figure 5.3: RF return loss of the fabricated modulator.
ters, the RF characteristics including characteristic impedance, attenuation constant and
microwave effective index were estimated.
Figure 5.3 presents the measured RF return loss |S11|. The characteristic impedance
Zc of the RF electrode estimated from |S11| is about 35 Ω. This measured characteristic
impedance is very close to the simulated value of 34.9 Ω. Also shown in Figure 5.3 is
the theoretical RF return loss calculated with the characteristic impedance given by the
FEM simulation. Excellent agreement is achieved between the experimental results and
the theoretical data.
Figure 5.4 shows the insertion loss |S21| of the fabricated modulator. From the plot of
the insertion loss, the electrode conductor loss was estimated by best fitting the theoretical
loss to the insertion loss curve. In the estimation of conductor loss, the dielectric loss was
assumed to be 0.013 dB/cm
√
GHz [60,61,100]. The estimated conductor loss coefficient
of the RF electrode is 0.21 dB/cm
√
GHz. Comparing the measured electrode loss and the
simulated data in Table 5.1, it is evident that the measured loss is higher than theoretical
value. This discrepancy could be due to the trapezoidal shape and roughness of the fab-
ricated multilayer electrode. In the simulation, rectangular, single layer electrodes with a
perfectly smooth surface was assumed.
Figure 5.5 plots the phase response of the S21 parameter. From the S21 phase response,
the microwave effective index of the modulator can be calculated using the following
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Figure 5.4: Insertion loss of the fabricated modulator. The theoretical fit curve was done for
conductor loss αc = 0.21 dB/cm
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GHz and dielectric loss αd = 0.013 dB/cmGHz.
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Figure 5.5: S21 phase response of the fabricated modulator.
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Figure 5.6: Modulator optical response measurement setup.
equation:
Nm =
(Φ1 − Φ2)c
2π(f1 − f2)Lt (5.1)
where Φ1 and Φ2 are the phase at the frequency f1 and f2 respectively, c is the speed of
light in the free-space, and Lt is the total length of the electrode which includes the active
section together with the curved and taper sections. The microwave effective index of the
electrode was found to be Nm = 3.283. This Nm is the average effective index of the
whole electrode structure including the active section, two tapers and two curves.
5.3.3 Modulator optical response
In Subsection 5.3.2, the average microwave effective index of the whole RF electrode
was found. Since the tapers have a very large gap and width configuration, their effective
indices are much larger than the effective index of the active section. Therefore, the av-
erage microwave effective index of the whole RF electrode estimated from the S21 phase
response is larger than the effective index of the active section. In order to accurately
model an RE-MZM, detailed knowledge of effective indices of different sections of the
RF electrode including the active and non-active sections is required. With the help of
the optical response of the fabricated optical modulator, effective indices of the different
sections can be found.
The optical response of the fabricated modulator was measured using the setup in
Figure 5.6. The measured response was normalised to give 0 dB at 0.5 GHz and is plotted
in Figure 5.7.
The effective index of the active section can be calculated from the null frequencies
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Figure 5.7: Normalised optical response of the fabricated modulator.
fnull of the optical response using:
Nm(active) =
nc
fnullLa
+No (5.2)
where n = 1, 2, .. is an integer number which indicates the order of the null frequency,
c is the speed of light, La is the length of active section, No = 2.142 is the effective
index of the optical waveguide. The microwave effective index of the RF electrode active
section was calculated to be Nm(active) = 3.222. This measured effective index of the
active section is close to the calculated value using the FEM model of 3.196.
The average microwave effective index Nm(na) of the non-active sections including
tapers and curves can be found by:
Nm(na) =
NmLt −Nm(active)La
Lna
(5.3)
where Nm = 3.283 is the average effective index of the whole electrode, L is the total
electrode length, Lna is the total length of the non-active sections. Using Equation (5.3),
the average effective index of the non-active sections was then estimated to be Nm(na) =
4.934.
Using the values of the effective index of the active and non-active sections, the optical
response of the fabricated modulator was calculated and is presented in Figure 5.7. The
optical response of a modulator with the effective index of the active section given by the
FEM simulation is also shown in Figure 5.7. Excellent agreement with the experimental
results is achieved.
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Table 5.2: Measured characteristics of the fabricated modulator compared with simulated results
Parameter Practical Value Predicted Value Error (%)
Active section Nm 3.222 3.196 0.8
Inactive section Nm 4.934 - -
Characteristic Impedance 35 Ω 34.9 Ω 0.3
Electrode conductor loss 0.21 dB/cm
√
GHz 0.19 dB/cm
√
GHz 10.5
RF electrode Vpi 2.5 V 2.6 V 3.8
DC electrode Vpi 10 V - -
Extinction ratio > 30 dB - -
Optical insertion loss 10 dB - -
5.3.4 Summary
In this Section, the optical modulator that was fabricated in Section 5.2 has been charac-
terized. The microwave characteristics and inherent switching voltage of the fabricated
modulator have been measured and found to be in good agreement with the simulated data
using the simulation models in Chapter 3. Table 5.2 summarizes the measured character-
istics of the fabricated modulator. For the convenience of comparison between theoretical
and measured data, the simulated data in Table 5.1 are reproduced in Table 5.2.
5.4 Design and realization of inductive terminations
In the previous Sections, the optimized optical modulator that had been identified in Chap-
ter 3 was fabricated and characterized. In order to form an RE-MZM, inductive termina-
tions must be added to the input and output ports of the modulator RF electrode to form
a Fabry-Perot resonant cavity [86]. The inductive terminations need to be optimized to
maximize the field strength inside the resonant cavity at the designed resonant frequency.
It is thus the goal of this Section to design and fabricate the inductive terminations to be
used with the fabricated modulator.
Inductive terminations can be realised with different methods including spiral induc-
tors [127] or transmission line stubs [105]. In this Section, the inductive terminations
are realized using shorted CPW stubs [128]. A CPW structure was chosen because it al-
lows direct connection to the RF electrode tapers by wire-bonding. Figure 5.8 shows the
structures of the input and output terminations. The terminations consist of input/output
ports that allow connections to the RF electrode and the external RF source, and the
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Figure 5.8: (a) Input termination and (b) output termination structures.
shorted-stubs. The stubs should have large characteristic impedance to reduce the stub
length [105]. The characteristic impedance of the input/output ports must be maintained
at about 50 Ω.
Coorstek ADS96-R ceramic [129] was selected as the substrate for the inductive ter-
minations. The ceramic has a dielectric constant of 9.6. It was envisioned that the termina-
tions would be fabricated with single layer electroplating with thickness of about 10 µm.
To achieve 50 Ω impedance, the CPW transmission lines of the input/output ports have
G−W −G dimensions of 180− 380− 180 µm. These dimesions match the G−W −G
dimensions of the tapers of the optical modulator. The stubs have a large gap and a small
width configuration of G−W−G = 500−10−500 µm to increase the stub characteristic
impedance.
Having the cross-sectional dimensions identified, the length of different sections of the
termination needs to be found. In the following Subsections, the numerical optimization
approach will be applied to the design of the termination lengths. Then the terminations
will be fabricated, characterized and the performance of the resulting RE-MZM will be
calculated.
5.4.1 Design, simulation and optimization of inductive terminations
With the optical modulator fabricated and characterized as described in Section 5.2 and
Section 5.3, the only thing that affects the overall modulation efficiency of the resulting
RE-MZM is the degree of resonant enhancement. The resonant enhancement factor is
now mainly determined by the input and output terminations. Having the structure of the
terminations identified previously, the lengths of shorted-stubs need to be found. Here the
lengths of the stubs are designed by numerical optimization.
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Simulation of the terminations
Before optimizing the lengths of the stubs by numerical optimization, suitable simulation
models for the terminations need to be developed. It can be seen from Figure 5.8 that
because of the existence of large empty areas around the T-interconnection points, where
electromagnetic coupling can occur, the terminations can not be simply modeled as trans-
mission lines connected together without sacrificing accuracy. Rigorous 3-D FEM model
of the whole termination structure is considered to be the most accurate model. However,
due to large simulation times involved, a full 3-D FEM model is deemed to be unsuitable
for numerical optimization. To account for the effects of T-interconnections and reduce
the simulation time, the terminations are broken up into different sections. The T-sections
are represented with rigorously FEM modeled S-parameter networks while the stubs and
input/output ports are modeled as simple transmission lines connected to those networks.
Following this approach, the input termination (Figure 5.8a) was decomposed into four
transmission lines and one 4-port S-parameter network. Whereas, the output termination
(Figure 5.8b) consists of three transmission lines and one 3-port S-parameter network.
With this approach, the characteristics of the T-sections and transmission line sections
only need to be found once and can be used for any transmission line length.
The 4-port and 3-port networks were simulated with a 3-D FEM simulator [130] to
obtain the frequency dependent S-parameters. The microwave characteristics including
microwave effective index, characteristic impedance, attenuation constant of the transmis-
sion line sections were calculated with a 2-D FEM simulator as described in Chapter 3.
Figure 5.9 shows the simulated S11 and S21 parameters of an input termination structure.
The results from full 3-D FEM simulation and hybrid simulation model (FEM for the
T-section and transmission lines) are plotted in the same figures. It can be seen that the
agreement between two simulation methods is excellent. Thus, the hybrid simulation ap-
proach can be safely used to simulate the terminations without any reduction of accuracy.
Optimization of stub lengths
A numerical optimizer similar to the one described in Chapter 3 was used to optimize the
lengths of the shorted-stubs of the terminations. The optimizer used the simulation tool of
Chapter 2 to model the response of the RE-MZM. Figure 5.10 shows the equivalent trans-
mission line circuit model of the proposed RE-MZM. The model consists of a number of
transmission lines and N-port S-parameter networks. In the equivalent model, T6 is the
active section of the RF electrode, whereas T5 and T7 are the non-active taper and curved
sections of the RF electrode. The shorted-stubs of the terminations are represented by T2,
T3, T9 and T10. T1, T4 and T8 present the ports of the terminations. S1 and S2 are the
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Figure 5.9: S11 and S21 of an input termination structure simulated by full 3-D FEM simulation
compared to the FEM + transmission lines
N-port S-parameter networks representing the T-sections of the input and output termi-
nations respectively. The characteristics of different transmission line sections including
characteristic impedance Zc, microwave effective index Nm, conductor loss coefficient
αc, dielectric loss coefficient αd and length L are summarized in Table 5.3.
The lengths of T2, T3, T9 and T10 are the optimization parameters. An upper boundary
of 1 cm was set for all optimization parameters. The lower boundary of the stub lengths
is zero. The optimizer automatically adjusted these transmission line lengths within their
boundaries to maximize the modulation efficiency while maintaining a maximum return
loss of -15 dB. Since the RF electrode is fixed, the interaction length and the inherent
Table 5.3: Summary of the transmission line characteristics of the RF electrode and terminations
Device Structure L Zc Nm αc αd
(mm) (Ω) (dB/(cm√GHz)) (dB/(cmGHz))
T6 37 36 3.231 0.21 0.013
T5, T7 1.071 35 4.934 0.21 0.013
T1, T4, T8 3 50.01 2.226 0.0371 0.008
T2, T3 3.392 (X) 143.5 2.167 0.0913 0.008
T9, T10 2.045 (X) 143.5 2.167 0.0913 0.008
X: Optimization parameters
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Figure 5.10: Simulation model of the resonantly-enhanced modulator with terminations.
switching voltage are also fixed. Therefore, higher normalized induced phase shift makes
the overall modulation efficiency higher. Thus, the cost function of the optimization is:
Cost =
{
1
∆ϕ
if S11 < -15 dB
1010 else
(5.4)
where ∆ϕ is the normalized induced phase shift which has been defined in Chapter 2.
The results of the optimization for the length of the shorted-stubs are also reported
in Table 5.3 . It can be seen that the stub lengths are relatively short. Therefore, the
terminations can be practically fabricated on ceramic substrate using photolithography
and electroplating technique.
The resulting RE-MZM with the optimized input and output inductive terminations
was modeled using the equivalent transmission line model as shown in Figure 5.10. The
simulated optical response and RF return loss are shown in Figure 5.11 and Figure 5.12,
respectively. For the purpose of comparison, the optical response and RF return loss of the
unenhanced modulator (using the same optical modulator as the RE-MZM but without the
inductive terminations) were also calculated and shown in Figure 5.11 and Figure 5.12.
Examination of Figure 5.11 indicates that more than 5 dB of resonant enhancement is
expected at the designed resonant frequency of 1.8 GHz. At the resonant frequency,
the RE-MZM offers very good return loss of lower than -20 dB. The return loss at the
resonant frequency is much better than that of the unenhanced modulator. This indicates
the effectiveness of the optimization of the terminations.
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Figure 5.11: The calculated frequency dependent optical response (OR) of the RE-MZM with
the optimized terminations and of the unenhanced modulator without the terminations.
-25
-20
-15
-10
-5
 0
 1.5  1.6  1.7  1.8  1.9  2  2.1
|S 1
1| (
dB
)
Frequency (GHz)
Resonant Modulator
Unenhanced Modulator
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5.4.2 Fabrication and characterization of terminations
Having the dimensions of the terminations designed, the mask for the terminations was
designed using an inhouse built software package. The terminations were then fabricated
on a ceramic substrate by electroplating. Only single step electroplating is required to
achieve the gold thickness of 10 µm.
Figure 5.13 and Figure 5.14 show the magnitude and phase of S11 and S21 parameters
of the input termination respectively. While the magnitude and phase of S11 parameter of
the output termination are plotted in Figure 5.15. The experimental results of the fabri-
cated terminations and the simulation data are plotted in the same figures for comparison.
Examination of Figures 5.13, 5.14 and 5.15 indicates that the measured data for the fab-
ricated terminations are very close to the simulated results. The small difference between
the measured and simulated data could be attributed to the variations of the dimensions of
the fabricated termination from the designed values.
5.4.3 Prediction of resulting resonantly enhanced modulator perfor-
mance
In Subsection 5.4.1, the inductive terminations were designed by numerical optimization.
Then, the terminations were fabricated and characterized to verify against the simulation
data in Subsection 5.4.2. Before the terminations are connected to the optical modulator
to form an RE-MZM, the performance of the resulting RE-MZM is predicted.
The simulation tool which was described in Section 2.4 of Chapter 2 was employed
to estimate the optical response and RF return loss of the resulting RE-MZM using the
fabricated terminations. Figure 5.16 illustrates the equivalent transmission line circuit
model of the resulting resonant modulator. In this transmission line model, the input
and output terminations are represented by the 2-port and 1-port S-parameter networks
which were measured previously in Subsection 5.4.2. Whereas, the RF electrode of the
modulator is represented by different transmission line segments corresponding to the
active and non-active sections.
The calculated optical response and RF return loss of the resulting modulator are plot-
ted in Figure 5.17. For the convenience of comparison, the optical response and RF return
loss of the theoretical RE-MZM, which were plotted in Figure 5.11 and Figure 5.12 of
Subsection 5.4.1 are re-plotted in the same Figure 5.17. These data were simulated with
the terminations being represented by the S-parameter networks of the T-intersections
connected with transmission lines as shown in Figure 5.10. It can be seen from Figure 5.17
that there is only a small difference between two data sets. The peak optical response of
the RE-MZM using fabricated terminations is only marginally lower than that of the mod-
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Figure 5.13: The simulation and experiment S11 parameter of the input termination.
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Figure 5.14: The simulation and experiment S21 parameter of the input termination.
CHAPTER 5. 95
 0.95
 0.96
 0.97
 0.98
 0.99
 1
 1.5  1.6  1.7  1.8  1.9  2  2.1
 110
 115
 120
 125
 130
 135
|S 1
1|
S 1
1 
Ph
as
e 
(de
gre
e)
Frequency (GHz)
Simulation
Measurement
Figure 5.15: The simulation and experiment S11 parameter of the output termination.
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T1, T3 : Modulator RF electrode non-active section
T2       : Modulator RF electrode active section
S1       : Input termination S-parameters
S2       : Output termination S-parameters
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S1 S2
Figure 5.16: Simulation model of the resulting resonantly enhanced modulator using measured
S-parameters of the terminations.
ulator using theoretically designed terminations. Furthermore, there is only a slight shift
in the peak resonant frequency from the designed frequency of 1.8 GHz. The modeled RF
return loss of the RE-MZM using fabricated terminations is in good agreement with that
of the modulator with the theoretically simulated terminations.
5.4.4 Summary
Based on the microwave characteristics of the optical modulator which was fabricated
and characterized in Section 5.2 and Section 5.3, the inductive terminations were de-
signed and fabricated as shorted CPW stubs on ceramic substrate. A numerical optimizer
was adapted for designing the inductive stub lengths to maximize the resonant enhance-
CHAPTER 5. 96
-10
-8
-6
-4
-2
 0
 2
 4
 6
 1.5  1.6  1.7  1.8  1.9  2  2.1
-30
-25
-20
-15
-10
-5
 0
O
pt
ica
l R
es
po
ns
e 
O
R 
(dB
e)
|S 1
1| (
dB
)
Frequency (GHz)
Using Fabricated Terminations
Using Simulated Terminations
Figure 5.17: The calculated frequency dependency of optical response and return loss of the re-
sulting modulator using the fabricated terminations comparing with the modulator using simulated
terminations.
ment. The terminations were fabricated and characterized. The estimated performance
of the resulting RE-MZM using the fabricated terminations are in good agreement with
the optimization results. More than 5 dB of resonant enhancement over the unenhanced
modulator is expected. The RF return loss of the RE-MZM at the resonant frequency is
estimated to be around -20 dB, which is much lower than the return loss of the unenhanced
modulator.
5.5 Performance of the realized resonantly enhanced mod-
ulator
Having the optical modulator and terminations fabricated, characterized and the perfor-
mance predicted, the terminations were then attached to the optical modulator RF elec-
trode by wire-bonding to form a Fabry-Perot type RE-MZM. Figure 5.18 shows the pic-
ture of the resulting RE-MZM with two terminations attached.
In this Section, the performance of the fabricated RE-MZM is presented. The RF re-
turn loss of the RE-MZM was measured. The modulation efficiency of the RE-MZM was
evaluated in terms of link gain and the effective switching voltage. The performance of
the RE-MZM was also compared with that of the non-resonant modulator. The measured
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Figure 5.18: Photograph of the assembled resonantly enhanced modulator.
performance was compared with the predicted performance in order to verify the accuracy
of the simulation model.
5.5.1 RF return loss and link gain performance
Using the same measurement setup as in Figure 5.6, the RF return loss |S11| and the
link gain of the RE-MZM were measured. The measured return loss of the RE-MZM
as a function of frequency is presented in Figure 5.19. Also shown in Figure 5.19 is
the measured return loss of the unenhanced modulator with the inductive terminations
removed and being terminated with 50 Ω load. In Figure 5.20, the link gain of different
RF-photonic links using different modulators as a function of frequency is shown. All the
link gain data were normalized to have 0 dB of optical power at the photodetector input.
Examination of Figure 5.19 indicates that at the resonant frequency, the RE-MZM
exhibits a much lower return loss than the unenhanced modulator. This reveals that a
good resonance was achieved.
The simulated RF return loss of the RE-MZM as shown in Figure 5.17 is re-plotted
in Figure 5.19 for comparison with the measured data. The measured and simulated data
are in good agreement, however, there is a small frequency shift. The simulated data
predict a peak resonance at 1.8 GHz, whereas the measured data show a peak resonance
at 1.76 GHz. The reason for this frequency shift will be discussed later in this Section.
Comparison of the gain of the link using the resonant enhanced modulator to that of
the link using the unenhanced modulator as presented in Figure 5.20 reveals that at the
resonant frequency of 1.76 GHz, with the inductive terminations added, the RE-MZM
exhibits over 5 dB improvement over the unenhanced modulator (with the terminations
removed). Since two modulators with the same RF electrode structure are compared, 5 dB
improvement is due to the resonant enhancement. This amount of resonant enhancement
is in good agreement with the theoretical prediction of Section 5.4.3. The 3 dB bandwidth
of the RE-MZM is approximately 11 %.
The link gain of the RF-photonic link using the RE-MZM was theoretically calcu-
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Figure 5.19: RF return loss of the RF-photonic links using the fabricated RE-MZM and unen-
hanced modulator.
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lated using Equation (2.3) of Chapter 2. In this calculation, the RE-MZM was modeled
with the simulation tool developed in Chapter 2. The results of the link gain calculation
are also presented in Figure 5.20 to compare with the measured data. The measured link
gain compares favorably with the calculated data. As in the case of the return loss (Fig-
ure 5.19), there is a small shift in frequency of two link gain curves. The frequency of
the resulting peak in the link gain of the fabricated RE-MZM is slightly lower than the
designed value.
It is evident from Figure 5.19 and Figure 5.20 that apart from the designed resonant
frequency of 1.8 GHz, there is first order resonance at around 0.85 GHz. At this frequency,
the RE-MZM shows approximately 9 dB improvement over the unenhanced modulator.
However, the return loss at that frequency is not as good as at 1.8 GHz since the inductive
terminations were not optimized to operate at that frequency.
Also shown in Figure 5.20 are the results calculated from the data reported in [1]. The
resonant enhancement in [1] was achieved by an open circuit termination with a length
of coaxial cable to tune the resonant frequency, and the optical modulator used was a Z-
cut travelling wave modulator designed for broadband operation. The RE-MZM reported
in [1] shows two resonant frequencies at 0.85 GHz and 1.3 GHz with enhancement factors
of 7.6 dB and 5.3 dB, respectively.
In comparing with the RE-MZM demonstrated in [1], the fabricated modulator with
numerically optimized electrode structure shows better resonant enhancement. This is be-
cause the modulator electrode was terminated at both ends to form a true resonant cavity
and the terminations were optimized to maximize the resonant enhancement. Further-
more, due to the numerically optimized electrode structure for resonant operation, the
overall modulation efficiency is much higher than that of an RE-MZM which utilizes a
standard broadband traveling-wave electrode.
In summary, the RF return loss and the link gain of the fabricated RE-MZM have
been measured and compared to those of the unenhanced modulator. At the designed res-
onant frequency, the RE-MZM provides more than 5 dB of resonant enhancement with
approximately -20 dB RF return loss. The measured modulation enhancement and re-
turn loss are in good agreement with the predicted values as investigated previously in
Section 5.4. Using the numerically optimized electrode structure and inductive termina-
tions at both ends of the electrode, the fabricated RE-MZM demonstrates better overall
modulation efficiency than the single terminated RE-MZM using a standard broadband
electrode structure.
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T1, T3 : Modulator RF electrode non-active section
T2       : Modulator RF electrode active section
S1       : Input termination S-parameters
S2       : Output termination S-parameters
L1,L2   : Wire-bonds
RFin
S1 S2
L1 L2
Figure 5.21: Equivalent transmission line model of the resonantly enhanced modulator with the
wire-bonds modeled as inductors.
5.5.2 Refinement of the equivalent transmission line model
It was observed in Subsection 5.5.1, Figure 5.19 and Figure 5.20, that there is a frequency
shift between the measured data and the simulated results of the RF return loss and the
link gain. The equivalent transmission line model of Figure 5.16 was used in those sim-
ulations. In that equivalent transmission line model, the wire-bonds used to connect the
inductive terminations to the RF electrode of the optical modulator were ignored. It is
proposed that this could be the reason for the frequency shift since the the wire-bonds
contribute finite phase shifts to the resonant cavity and cannot be merely ignored. The
measured diameters of the arcs formed by the wire-bonds at the input and output ports of
the electrode are approximately 0.3 mm and 0.5 mm, respectively.
The equivalent transmission line model of Figure 5.10 was expanded to account for the
wire-bonds used in the assembly. The new equivalent transmission line model is shown in
Figure 5.21. In this model, the wire-bonds between the terminations and the RF electrode
are represented by inductive elements.
Using the new transmission line model which includes the effects of the wire-bonds,
the RF return loss and link gain were calculated again. The values of the inductive el-
ements were adjusted until the simulated responses fitted to the measured data. It was
found that excellent fit between the experimental and simulated data is achieved when the
inductance of the wire-bonds at the input and output are 0.15 nH and 0.4 nH, respectively.
The inductance of the output wire-bond is larger than that of the input one because the
output wire-bond is longer than the input wire-bond. Using the closed form formula of the
inductance of straight wire [131], the inductance of the input and output wire-bonds with
25 µm wire diameter were estimated to be 0.23 nH and 0.43 nH, respectively. These cal-
culated values are very closed to the fitted values. The results of return loss and link gain
using the improved model together with the experimental data are plotted in Figure 5.22
and Figure 5.23, respectively. It can be seen that using the improved model with inductive
elements to account for the effects of the wire-bonds, the simulated and measured data
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have excellent agreement in performance as well as the operational frequency.
In future investigations, especially at higher frequencies, the improved model should
be used to account for the effects of the wirebonds or other interconnecting elements such
as flip-chip bonds when designing the terminations. It is anticipated that if the wire-bonds
were considered in the simulation model used for optimization of the external termination
in Section 5.4, the resulting peak resonant frequency of the fabricated RE-MZM would
be much closer to the designed value.
5.5.3 Interpretation of the modulation efficiency as effective switch-
ing voltage
In Subsection 5.5.1, the modulation efficiency in terms of link gain of the fabricated RE-
MZM was evaluated and compared to the link gain of the unenhanced modulator. More
than 5 dB of link gain improvement was found. This link gain improvement is due to
the resonant enhancement. It is anticipated that a higher resonant enhancement can be
achieved if the electrode structure is optimized for resonant enhancement only. In Chap-
ter 2, it was found that the overall modulation efficiency of an RE-MZM is affected by
the inherent switching voltage of the optical modulator and the resonant enhancement.
Later in Chapter 3, the trade-off between the inherent switching voltage and resonant en-
hancement was explored through numerical optimization. The optical modulator used in
this Chapter has the RF electrode structure optimized to achieve the best overall modu-
lation efficiency with resonant enhancement. One of the figures of merit to measure the
overall modulation efficiency of an optical modulator is the effective switching voltage.
Thus, in this Subsection, the overall modulation efficiency of the fabricated RE-MZM is
interpreted as effective switching voltage.
The experimental effective switching voltage was derived from the measured link gain
using Equation (2.3) of Chapter 2. Whereas, the theoretical switching voltage of the RE-
MZM was calculated using Equation (2.8) of Chapter 2. The transmission line model
of Figure 5.21 with the inductive elements to present the wire-bonds was used in the
simulation.
In Figure 5.24, the frequency dependent switching voltage Vpi(f) of the resonantly
enhanced and unenhanced modulators is plotted. Both experimental data and simulated
results are shown. There is good agreement between the experimental and theoretical data.
It is evident from Figure 5.24 that, at the resonant frequencies, the switching voltage of
the RE-MZM is much lower than that of the unenhanced modulator without the inductive
terminations. It is worth noting that at the resonant frequencies, the switching voltage of
the RE-MZM is even lower than the DC switching voltage of the unenhanced modulator.
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Figure 5.24: Frequency dependent switching voltage Vpi(f) of the fabricated RE-MZM in com-
parison with the unenhanced modulator.
5.5.4 Summary
In this Section, the performance of the fabricated RE-MZM has been evaluated. The
comparison to the performance of the unenhanced modulator has also been made. It was
shown that at the resonant frequencies, the RE-MZM offers significant improvement in
modulation efficiency over the unenhanced modulator. The RE-MZM also exhibits much
better return loss at resonances than the unenhanced modulator. The theoretical prediction
of the modulator performance was also validated.
5.6 Link noise performance of an RF-photonic link using
the resonantly enhanced modulator
In this Section, the fabricated RE-MZM is used in an external modulation, direct detection
RF-photonic link. The performance of the link in terms of link noise is evaluated. In an
RF-photonic link, noise limits the minimum level of signal that the receiver can detect.
The link parameter that describes the effect of noise is the noise figure. The noise figure
of the link defines how much the signal to noise ratio (S/N) deteriorates between the
input and output of a link [17,43]. To achieve low noise figure, the noise added to the link
needs to be reduced and the link gain needs to be increased. The link gain of an external
modulation RF-photonic link can be increased by increasing the optical power and the
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modulation efficiency of the optical modulator. However, it will be shown later that there
is a limit of how much optical power can be increased without detrimental effects on
the link noise. Therefore, it is preferable to lower the link noise figure by improving
modulator efficiency.
5.6.1 Noise in an RF-photonic link
Before the noise performance of an RF-photonic link using the fabricated RE-MZM is
evaluated, some theoretical background of RF-photonic link noise is provided.
Noise figure, NF , of an RF-photonic link is found by the ratio of S/N at the input to
S/N at the output, e.g:
NF = 10log10
(
Sin/Nin
Sout/Nout
)
= 10log10
(
Nout
GNin
)
(5.5)
where Sin and Sout are the RF signal power at the input and output of the link, respectively,
Nin and Nout are the noise power at the link input and output, respectively, and G is the
link gain.
At the input of the link, the noise can be considered to consist of only thermal noise.
Therefore,
Nin = kT0B (5.6)
where k is Boltzmann’s constant, T0 = 290 K is the absolute ambient temperature, and B
is the equivalent noise bandwidth of the receiver.
At the output of the link, the noise is comprised of different noise components, namely,
thermal noise, shot noise, relative intensity (RIN) noise and photodetector dark noise, e.g:
Nout = Nth +Nshot +NRIN +Ndark. (5.7)
Output thermal noise consists of thermal noise coming from the transmitter and thermal
noise of the receiver itself, e.g:
Nth = Nth,tx +Nth,rx = 2kT0BG + kT0B (5.8)
Shot noise, RIN noise and dark noise are given by:
Nshot = 2qIDBZ0 (5.9a)
NRIN = I
2
DRINlaserBZ0 (5.9b)
Ndark = 2qIdarkBZ0 (5.9c)
where q is the charge of an electron, ID is the average current generated at the pho-
todetector, Idark is photodetector dark current, RINlaser is laser RIN, and Z0 is the load
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Figure 5.25: Calculated total link noise and individual noise components of an RF-photonic link,
plotted as a function of average photodetector current.
impedance. The dark current of a photodetector is usually very small. Hence, the contri-
bution of the dark noise to total output noise is negligible.
Figure 5.25 shows the calculated total link noise and different noise component as
a function of average photodetector current for an RF-photonic link with laser RIN of
-153 dB/Hz and photodetector responsivity of 0.7 A/W. It can be seen that shot noise
increases linearly with average photodetector current, whereas RIN noise increases with
square of average photodetector current. The link gain in Equation (2.3) of Chapter 2
shows that the link gain also increases with square of average photodetector current.
Hence, when the optical power is low and the link is dominated by shot noise, the link
noise figure can be reduced by increasing optical power. However, when the link is dom-
inated by RIN noise, increasing optical power makes the total link noise and link gain
increase at the same rate. As a result, the link noise figure does not change. Hence, the
best link noise performance is obtained with high optical power until RIN noise limit is
reached.
5.6.2 Investigation of noise in an RF-photonic link using the reso-
nantly enhanced modulator
This Subsection evaluates the link noise performance of an RF-photonic link using the
fabricated RE-MZM. The performance is compared to that of the link using the unen-
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Figure 5.26: Measured and calculated total link noise of the RF-photonic link using the RE-
MZM, plotted as a function of average photodetector current.
hanced modulator.
To compensate for high optical insertion loss of the modulator, an erbium doped fiber
amplifier (EDFA) with 10 dB gain was used. Using the procedure given in Appendix B,
RIN of the laser and the EDFA was measured to be approximately -153 dB/Hz. The link
noise was measured as described in Appendix B. Figure 5.26 shows the measured total
link noise as a function of average photodetector current. The calculated link noise is
also shown in Figure 5.26. It can be seen that, there is excellent agreement between the
calculated noise and the experimental results. When the photodetector current is very
small or equivalently optical power is low, the link noise is dominated by either thermal
noise or shot noise. With a laser RIN level of -153 dB/Hz, the link will be dominated
by RIN noise when the photodetector current is above 1 mA. This photodetector current
corresponds to 1.4 mW of optical power at the photodetector with 0.7 A/W responsivity.
The link gain at different photodetector current levels corresponding to different opti-
cal power was then measured and the link noise figure (NF ) was calculated using Equa-
tion (5.5). The results of the link noise figure for the RF-photonic link using the fabricated
RE-MZM are plotted in Figure 5.27 as a function of average photodetector current. For
the purpose of comparison, the link noise figure of the link using the unenhanced modula-
tor without the inductive terminations was also measured and is also shown in Figure 5.27.
There are some noticeable features that can be identified in Figure 5.27. At any level
of photodetector current, the link using the RE-MZM offers more than 5 dB lower noise
CHAPTER 5. 107
 30
 40
 50
 60
 70
 80
 0.01  0.1  1  10
N
oi
se
 F
ig
ur
e 
NF
 (d
B)
Average Photodetector Current (mA)
Using RE-MZM
Using Unenhanced MZM
Figure 5.27: Measured noise figure (NF ) of the RF-photonic link using the RE-MZM in com-
parison with the link using the unenhanced modulator.
figure than the link using the unenhanced modulator. This amount of noise figure im-
provement is the same as the link gain improvement demonstrated in Subsection 5.5.1.
This is the case because with the same level of photodetector current the total link noise
is the same regardless of the modulator used. However, the link gain increases by 5 dB if
the RE-MZM is used. Therefore, according to Equation (5.5), the link noise figure of the
link with RE-MZM decreases by the same amount as the link gain enhancement.
Referring back to Figure 5.26 indicates that RIN noise starts to dominate when the av-
erage photodetector current is higher than 1mA. Therefore, the link noise figure decreases
quadratically with average photodetector current when the average photodetector current
is below 1mA. However, when the average photodetector current is well above the RIN
limit threshold, the link noise figure is almost constant regardless of the increase of the
photodetector current as shown in Figure 5.27.
From these investigations, it can be seen that the link noise figure can be improved
by increasing the link gain using high optical powers when the link is dominated by shot
or thermal noise. However, when the link is dominated by RIN noise, the link noise
figure can not be improved by increasing optical power. Instead, the link gain should be
increased by increasing the efficiency of the optical modulator. RE-MZMs are well suited
to this purpose.
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5.6.3 Summary
The link noise of an RF-photonic link using the fabricated RE-MZM has been evaluated
and compared to that of a link using the unenhanced modulator. Due to the improved
modulation efficiency of the RE-MZM, the RE-MZM provides lower link noise figure
than the unenhanced modulator. When the link is limited by RIN noise, the RE-MZM
reduces the noise figure below the limit given by the unenhanced modulator.
5.7 Distortion in an RF-photonic link using the resonantly
enhanced modulator
Due to sinusoidal-shape of the transfer function of a Mach-Zehnder optical modulator, an
RF-photonic link using a Mach-Zehnder optical modulator has an inherent distortion. In
this Section, the distortion of an RF-photonic link employing the fabricated RE-MZM is
analyzed and compared to that of the link with the unenhanced modulator. The spurious-
free dynamic range (SFDR) and 1 dB compression dynamic range (CDR) [65, 67] will
be evaluated. Since the RE-MZM will be used for narrow-band applications where the
bandwidth is less than an octave, the only spurious distortion in the link is third-order
intermodulation distortion, while harmonic distortions fall out of the operating band.
5.7.1 Distortion in an RF-photonic link
This Subsection presents the theoretical analysis of the distortion in an RF-photonic link
using a Mach-Zehnder modulator. The investigations of link gain and link noise figure
of Section 5.6 indicated a strong dependence on both optical power and the modulation
efficiency of the optical modulator. In this Subsection, the effects of optical power and
modulation efficiency on the dynamic ranges are investigated.
When two single tone RF signals of amplitudes V1 and V2 at frequency f1 and f2 are
applied to the input of a modulator which is biased at quadrature, the power delivered to
a 50 Ω load at the fundamental and third-order intermodulation frequencies are expressed
as [5, 67]:
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P (f1) =
(Popαr)
2
2
(J1(X1)J0(X2))
2 · 50 (5.10)
P (f2) =
(Popαr)
2
2
(J0(X1)J1(X2))
2 · 50 (5.11)
P (2f1 − f2) = (Popαr)
2
2
(J2(X1)J1(X2))
2 · 50 (5.12)
P (2f2 − f1) = (Popαr)
2
2
(J1(X1)J2(X2))
2 · 50 (5.13)
where Pop is the input optical power into the modulator, α is the total optical loss of
the link, r is the responsivity of the photodetector, Jn is the Bessel function of order n,
X1 = πV1/Vpi(f1) and X2 = πV2/Vpi(f2). When two frequency f1 and f2 are very close
to each other, Vpi(f1) ≈ Vpi(f2) ≈ Vpi.
It can be seen from Equations (5.10)-(5.13) that when the input power is small, the
output RF power increases linearly with input RF power and the third-order intermodula-
tion components are below the link noise floor. On the other hand, large input RF power
makes the output deviate from the small signal linear response and the third-order inter-
modulation components emerge from the noise floor. The 1 dB compression dynamic
range (CDR) is defined as the range of input RF powers for which the output power at the
fundamental frequency is above the noise floor and diverges from the linear response by
1 dB [65, 67]. The range of the intercepts of the detected fundamental and third-order in-
termodulation product components with the link noise level is the spurious free dynamic
range (SFDR) of the link [65, 67].
Figure 5.28 shows the responses of the power of fundamental and intermodulation
components as a function of input RF power for different levels of input optical power
Pop. The laser RIN is assumed to be -160 dB/Hz, optical loss is -5dB, and modulator
switching voltage is 5V. Two RF input signals have the same amplitudes. The traces of
the responses are very similar for all levels of optical power. The change of optical power
shifts the curves vertically. The output RF power increases with the square of optical
power (P 2op). As investigated in Section 5.6, the optical power has significant impact on
the link noise. With laser RIN = -160 dB/Hz, RIN noise starts to dominate the link noise
when Pop = 15 dB. When RIN noise dominates, the total noise also increases with P 2op.
Therefore, the dynamic ranges can be improved by increasing the optical power until the
link is limited by RIN noise. There is no dynamic range advantage in increasing the
optical power beyond the RIN limit threshold.
In Figure 5.29, the response of the link is plotted for different values of modulator
switching voltage. The optical input power is 15 dB. Thus, the link is operating in RIN
limited regime. The shapes of all response curves are similar, except for being shifted
horizontally as the switching voltage changes. Since the optical power is fixed, the total
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Figure 5.28: Fundamental and third-order responses of an RF-photonic link with different levels
of optical power.
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Figure 5.30: Dynamic range measurement setup.
link noise is fixed regardless of switching voltage. Hence, both compression dynamic
range and spurious free dynamic range are independent of modulator switching voltage.
The results of these theoretical investigations indicate that maximum dynamic ranges
can be achieved by operating in the RIN limited region. However, the modulation ef-
ficiency of the optical modulator does not have any impact on the dynamic range of an
RF-photonic link.
5.7.2 Distortion analysis of an RF-photonic link using the resonantly
enhanced modulator
In Subsection 5.7.1, it has been shown theoretically that the dynamic ranges of an RF-
photonic link are independent of the modulation efficiency of the optical modulator.
Hence, it is expected that the distortion performance of a link should not be affected
by the resonant enhancement process. This Subsection experimentally evaluates the dis-
tortion of an RF-photonic link using the fabricated RE-MZM of Section 5.5. The 1 dB
compression dynamic range and spurious free dynamic range of that photonic link are
compared to those of the link using the unenhanced modulator to confirm the theoretical
findings of Subsection 5.7.1.
The measurement setup used to measure the distortion of an RF-photonic link is il-
lustrated in Figure 5.30. Two RF signals of equal amplitude and at close frequencies
f1 = 1.755 GHz, f2 = 1.765 GHz were added by a power combiner and applied to the
modulator RF input port. The modulator was biased at quadrature. The detected RF pow-
ers at the fundamental f1, f2 and third-order intermodulation product 2f1 − f2, 2f2 − f1
frequencies were measured with an electrical spectrum analyzer (ESA). The powers of
input RF signals were varied and the detected RF signal powers were measured at each
level of input signals.
The average detected photodetector current of 7.7 mA was measured. With this level
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of photodetector current, the links were operating in the RIN noise limited region and the
noise figures were minimum as shown in Figures 5.26 and 5.27 of Section 5.6. The total
link noise was measured to be about -153.8 dBm/Hz.
Figure 5.31 and Figure 5.32 show the plot of the measured powers of the fundamental
and third-order intermodulation terms as functions of RF power at the modulator input
port for the links using the RE-MZM and the unenhanced modulator, respectively. From
the measured powers, the 1 dB compression dynamic range and spurious-free dynamic
range of the link can be estimated.
It is clear from Figure 5.31 and Figure 5.32 that when the input RF signals are at a
low level, the output power at the fundamental frequency increases linearly with the input
power. However, the output power is compressed at high RF input power. With the link
noise floor level of -153.8 dB/Hz, the compression dynamic ranges of both links using the
RE-MZM and the unenhanced modulator are estimated to be approximately 142 dB.Hz.
At the link noise level of -153.8 dB/Hz, the link that employs the RE-MZM provides
a spurious free dynamic range of 104 dB.Hz2/3. With the same level of link noise, the
spurious free dynamic range of the link with the unenhanced modulator is estimated to
be about 103 dB.Hz2/3, which is very close to the dynamic range of the link with the
RE-MZM.
Thus, when RIN noise limited, both RF-photonic links exhibit the same 1 dB com-
pression dynamic range and spurious free dynamic range. Therefore, it can be concluded
that the RE-MZM does not cause any improvement or degradation to the link distortion.
5.7.3 Summary
This Section has presented an analysis of distortion in an external modulation, direct de-
tection RF-photonic link. The dynamic ranges of an RF-photonic link using the fabricated
RE-MZM were experimentally investigated. The experimental results show that the dy-
namic ranges of an RF-photonic link using the RE-MZM are identical to the dynamic
ranges of the link that uses the unenhanced modulator with the same level of optical
power. The dynamic ranges of the link are not affected by the resonant enhancement
process as predicted in the theoretical analysis.
5.8 Conclusions
This Chapter has experimentally demonstrated an RE-MZM on X-cut LiNbO3 using an
optimized electrode configuration that has been theoretically investigated in Chapter 3
and Chapter 4. Resonant enhancement was achieved by terminating both ends of the RF
electrode with shorted inductive stubs.
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Figure 5.31: Measured dynamic ranges of an RF-photonic link using the resonantly-enhanced
modulator with 7.7 mA average photodetector current.
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Figure 5.32: Measured dynamic ranges of an RF-photonic link using the unenhanced modulator
with 7.7 mA average photodetector current.
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Based on the optimization results of Chapter 3, an optical modulator with 3.7 cm long
RF electrode was fabricated. The RF electrode has 50µm - 22µm - 50µmG−W−G con-
figuration, 0.2 µm buffer layer and gold thickness of 30 µm. The characteristics including
microwave effective index, characteristic impedance, attenuation constant and inherent
switching voltage of the fabricated optical modulator show good agreement with the the-
oretical calculations using the theoretical models presented in Section 3.3 of Chapter 3.
The fabricated optical modulator shows a low RF attenuation and low inherent switching
voltage.
Having the optical modulator fabricated and characterized, the external inductive ter-
minations were then designed and fabricated. The inductive terminations needed for res-
onant enhancement were realized as shorted-stubs of high impedance CPW transmission
line. The optimization approach was again employed to design the terminations. The
optimizer adjusted the length of the shorted-stubs to maximize the resonant enhancement
factor. Inductive terminations were fabricated with a 10 µm thickness of electroplated
gold on a ceramic substrate. The S-parameter characteristics of the fabricated termina-
tions agree reasonably well with the simulated results. Using the measured S-parameters
of the terminations and electrode characteristics, the performances in terms of resonant
enhancement factor and RF return loss of the resulting RE-MZM were calculated. The
simulation suggested more than 5 dB of resonant enhancement and approximately -20 dB
return loss.
The external inductive terminations were connected to the RF electrode of the optical
modulator by wire-bonding to form a ‘true’ resonant cavity. Experimental verification of
the assembled RE-MZM was performed. The resonant enhancement factor and RF return
loss of the RE-MZM are in excellent agreement with the theoretical prediction. Thus,
the validation of the simulation model is further verified. The effective switching voltage
of the RE-MZM was also measured. At the resonant frequencies, due to the resonant
enhancement, the effective switching voltage of the RE-MZM is lower than that of the
unenhanced modulator and even lower than DC switching voltage.
The noise and distortion performance of an RF-photonic link using the RE-MZM were
also experimentally evaluated. Because of more than 5 dB improvement of modulation
efficiency, the link using the RE-MZM shows more than 5 dB reduction in link noise
figure compared to the same link but with the unenhanced modulator. When a link is
operating in the RIN noise limited region, the only way that can reduce the link noise
figure is by improving the modulation efficiency of the optical modulator. It has been
shown that the resonant enhancement technique can help to achieve this goal. It was
also interesting to discover that the RE-MZM does not make any difference to the 1 dB
compression dynamic range and the spurious free dynamic range of the RF-photonic link.
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In summary, the goal of this Chapter has been met. An RE-MZM with the numerically
optimized electrode structure and external inductive terminations has been fabricated and
its performance has been evaluated. This demonstration represents the conclusion of a
major component of this thesis, proving experimentally the resonant techniques developed
by this investigation. This demonstration has, however, been conducted at a relatively low
RF frequency of only 1.8 GHz. RE-MZMs operating at higher frequencies would be of
interest for future generations of telecommunication systems. The investigation of equally
efficient RE-MZMs at millimeter-wave frequencies is the topic of Chapter 6.
Chapter 6
Investigation of Resonantly Enhanced
Modulators for Operating at
Millimeter-wave Frequency
6.1 Introduction
The previous Chapter, Chapter 5, demonstrated a very highly efficient modulator on X-cut
LiNbO3 with resonant enhancement. The electrode structure was numerically optimized
for maximum resonant enhancement and low inherent switching voltage. The effective-
ness of the numerical optimization approach for designing an electrode structure for reso-
nant operation has been demonstrated. However, because the inductive terminations were
realized on an external microwave substrate and were connected to the active electrode
by wire-bonding, they required tapering sections on the modulator chip and the connec-
tion ports on the terminations to make the connection between the terminations and the
modulator chip possible. These inactive sections together with the wire-bonds contribute
a significant length to the total length of the resonant cavity. Thus, the operating fre-
quency was limited to a few GHz. Currently, there is much interest in designing highly
efficient optical modulators for applications such as fibre-wireless access networks [34],
photonic mixing [18], photonic oscillation [28] and advanced modulation formats [16].
These applications demand optical modulators that are very highly efficient at frequen-
cies 10 GHz and beyond. It is thus the goal of this Chapter to explore the possibility of
applying the optimized resonant enhancement technique developed in this thesis to this
frequency range in order to design modulators with high modulation efficiency for these
narrow-band applications.
As discussed in Chapter 2, several resonant-type structures for operating at high fre-
quencies have been demonstrated. However, due to short active length, the effective
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switching voltages of these modulators were very high. For many applications, a mod-
erately sized modulator is acceptable. Oikawa et. al. [2] reported a resonant modulator
with a 29.624 mm long active electrode and 5.8 V switching voltage at 10 GHz. Although
the switching voltage was reduced significantly, it was still relatively high compared to a
broadband modulator with a thick traveling-wave electrode structure [53].
It is commonly accepted that to reduce the switching voltage, the interaction length
needs to be relatively long. At high frequencies, the resonant order of a long electrode
is higher than that of a short one. As investigated in Chapter 2, in order to maintain
a long electrode, the microwave index of the electrode must be reduced closer to the
optical index; otherwise, the modulation efficiency is detrimentally affected. Moreover,
the attenuation and inherent switching voltage of the electrode should be minimized. This
Chapter investigates methods to tackle these problems. Two novel resonantly enhanced
modulator (RE-MZM) structures are proposed and analyzed. These structures enable
the interaction length to be increased by allowing a large index mismatch and thus, the
electrode can be optimized for high resonant enhancement and low inherent switching
voltage.
In Section 6.2, a resonant modulator structure available in the literature is optimized
by the numerical optimization. This optimization helps to identify the problem of phase
mismatch. Section 6.3 proposes and investigates a novel resonant structure with multi-
section resonant cavities. Another novel structure with cascaded resonant cavities is pro-
posed and analyzed in Section 6.4. These two structures help to eliminate the problem of
phase mismatch. Section 6.5 discusses other techniques that can help to increase the mod-
ulation efficiency of a modulator with resonant electrode. Finally, Section 6.6 summarizes
the findings of this Chapter.
6.2 Optimization of double-stub resonant electrode struc-
ture
A resonant modulator with double-stubs and relatively long electrode was reported [2].
This modulator was designed on Z-cut LiNbO3 with the active electrode of an asymmet-
rical coplanar waveguide (ACPW) structure. Advantages of an ACPW electrode over a
CPW one are lower loss and higher characteristic impedance. The measured switching
voltage of that modulator was approximately 5.8 V at 10.6 GHz [2]. The aim of this Sec-
tion is to reduce the switching voltage further by using the double-stub resonant electrode
as the basic structure but employing a numerical optimization approach to seek for an
optimal electrode configuration.
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Figure 6.1: (a) Top view, (b) cross-sectional view of the resonant modulator with double-stub
electrode structure [2].
6.2.1 Simulation of a double-stub resonant modulator
There was a large discrepency between the calculated data and the experimental results of
the resonant modulator reported in [2]. The simulated results showed a peak resonance
at 10 GHz with the switching voltage of 7.3 V, whereas, the measured switching voltage
was 5.8 V at 10.6 GHz. A simple equivalent transmission line circuit model was used
in [2] to simulate the modulator response. The emerging question is whether the simple
transmission line circuit model is invalid at that high frequency or the simulated charac-
teristics of the active electrode and stubs are incorrect. This Subsection attempts to verify
the accuracy of the proposed simulation models by comparing the simulated results with
the experimental data reported in [2].
Figure 6.1(a) illustrates the structure of the resonant modulator with double stubs [2].
The active electrode consists of two arms of the same length and is short-ended. Two
stubs with identical lengths are connected to the middle of the active electrode. The
active electrode is an asymmetric coplanar waveguide (ACPW) structure, while the stubs
are a coplanar waveguide (CPW) structure. The cross-sectional view of the ACPW active
electrode is shown in Figure 6.1(b). The gaps of active electrode and stubs are G =
27 µm. The width and thickness are W = 5 µm and Te = 20 µm, respectively. The
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Table 6.1: Simulated electrode and stub characteristics, comparing to the data reported in [2, 3]
Parameter This work Reported in [2, 3]
Active electrode microwave index 2.6870 2.8538
Active electrode loss (dB/cm√GHz) 0.2536 0.3983
Active electrode impedance (Ω) 60.4 52.5
Stub microwave index 2.4304 2.6243
Stub loss (dB/cm√GHz) 0.2922 0.43948
Stub impedance (Ω) 46.5 44.5
Inherent switching voltage (Vcm) 14.90 15.56
1L
2L
1L
2L
CPW StubCPW Stub
Active ACPW Electrode
Figure 6.2: Equivalent circuit model of double-stub resonant modulator [2].
thickness of SiO2 buffer layer is Tb = 0.55 µm. The total length of the active electrode is
2L1 = 29.624 mm. The stub length is L2 = 1.37 mm.
The characteristics of the active electrode and the stubs were calculated with the sim-
ulation models described in Section 3.3 of Chapter 3 and are summarized in Table 6.1
together with the theoretical data reported in [2] and [3]. Obviously, the microwave prop-
erties of the ACPW active electrode and CPW stubs calculated in [2] and [3] do not agree
well with those calculated with simulation models of Section 3.3, Chapter 3.
Based on the calculated characteristics of the active electrode and stubs, the double-
stub resonant modulator was simulated using the simulation tool of Chapter 2. The equiv-
alent circuit model is shown in Figure 6.2.
Figure 6.3 displays the switching voltage as a function of frequency in comparison
with the experimental data reported in [2]. Clearly, there is excellent agreement between
the simulated switching voltage using the characteristics that were calculated previously
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Figure 6.3: The switching voltage as a function of frequency. The simulated data using the newly
calculated characteristics of the active electrode and stub, using the characteristics reported in [2,3]
and the measured data [2] are shown.
with the simulation models of Section 3.3 of Chapter 3 and the measured data. Whereas,
the frequency dependent switching voltage obtained from the simulation that uses the
active electrode and stub characteristics reported in [2] and [3] differs significantly from
the measured data. At 10 GHz, the calculated switching voltage using the electrode and
stub characteristics of [2] and [3] is 7.5 V, which is close to the theoretical value of 7.3 V
reported in [2].
The results of this investigation further verify the accuracy of the simulation models
used to obtain the microwave properties and predict the performance of resonant modula-
tors. It was shown that the simple equivalent transmission line model is adequate even at
high frequencies.
6.2.2 Optimization of double-stub resonant modulators
In the previous Subsection, the simulation models were validated against the published
experimental results. The switching voltage of the resonant modulator in [2] is still rela-
tively high compared to a broadband modulator with a thick traveling-wave electrode [53].
This high switching voltage could be due to an un-optimized electrode design for reso-
nantly enhanced modulation. This Subsection aims to explore the optimal ACPW elec-
trode configuration for RE-MZMs with double-stub structure on Z-cut LiNbO3 as shown
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in Figure 6.1.
In this optimization investigation, the width of the Ti strip prior to diffusion is assumed
to be 6 µm, the Ti strip thickness is 900A˚, the diffusion lengths are dx = 4.850 µm and
dy = 4.105 µm as in [47, 61, 115]. The operating wavelength is 1.55 µm. Following [47,
61, 115], the width of the center electrode of the active electrode is taken to be 8 µm
to maximize the electrooptic interaction of the optical waveguide underneath the center
electrode. The gap of the stubs is 50 µm to reduce the RF loss in the stubs. As investigated
in Section 3.4 of Chapter 3, the gold thickness is increased to maximum fabricatable value
of 30 µm to reduce the electrode loss.
With the width and thickness kept constant, the characteristics of the active electrode
are influenced by the buffer layer thickness and the gap between the center electrode and
the ground plane. The trends of the variations of electrode characteristics with the vari-
ations of buffer layer thickness and electrode gap of ACPW electrodes on Z-cut LiNbO3
are similar to those of CPW electrodes on X-cut LiNbO3. Increasing the thickness of
the buffer layer helps to increase the resonant enhancement through lower electrode loss,
higher characteristic impedance and lower microwave effective index. However, the in-
herent switching voltage increases with the buffer layer thickness. Increasing electrode
gap reduces the loss and increases the characteristic impedance significantly at the ex-
pense of increased inherent switching voltage and microwave effective index.
The design trade-offs associated with the buffer layer thickness and the electrode gap
were explored using a similar numerical optimization approach as in Section 3.5 of Chap-
ter 3. In this investigation, the optimization was run for each case of pre-selected electrode
gap from 8 µm to 50 µm in step of 3 µm. The buffer layer thickness Tb, total electrode
length 2L1, stub length L2 are optimization parameters. The parameter boundaries are as
follows:
0.2µm ≤ Tb ≤ 2.0µm
0 ≤ 2L1 ≤ 40mm
0 ≤ L2 ≤ 2mm
The cost function is the same as Equation (3.11) of Chapter 3. The results of the opti-
mization are presented in the followings.
Optimization results for operating frequency of 10 GHz
First, the double-stub resonant structure of [2] was optimized for operating at 10 GHz
to compare with the published results in [2] so that any improved performance can be
identified.
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Table 6.2: Optimization results for 10 GHz operating frequency, double-stub structure.
Electrode Buffer layer Active electrode Stub Vpi
gap (µm) thickness (µm) length (mm) length (mm) @10 GHz (V)
8 0.2 33.976 1.816 5.284
11 0.2 32.694 1.455 4.443
14 0.2 31.782 1.259 4.115
17 0.2 31.038 1.139 3.980
20 0.2 30.410 1.060 3.929
23 0.2 29.883 1.005 3.896
26 0.2 29.441 0.964 3.880
29 0.21 29.147 0.937 3.901
32 0.38 29.932 0.967 3.903
35 0.4 29.766 0.950 3.909
38 0.4 29.466 0.925 3.918
41 0.4 29.210 0.908 3.936
44 0.52 29.613 0.919 3.973
47 0.6 29.810 0.920 3.969
50 0.5 29.039 0.883 4.016
Using the described optimization procedure, the double-stub resonant modulators on
Z-cut LiNbO3 with different electrode gaps were optimized for operating at 10 GHz. The
results of the optimization are listed in Table 6.2. The effective switching voltage and
normalized phase shift at 10 GHz of the optimized modulators are plotted in Figure 6.4.
It can be observed from Table 6.2 and Figure 6.4 that the optimal electrode gap is
around 26 µm. The resulting switching voltage of the optimized modulators decreases
quickly with electrode gap G until G = 26 µm; after that, the switching voltage increases
slightly with the increase of electrode gap. When the gap is smaller than 26 µm, the
buffer layer thickness is reduced to the lowest possible value. However, the buffer layer
thickness increases for electrode with a gap larger than 26 µm. The resonant orders of
these modulators are six; therefore, as found in Chapter 2, the microwave effective index
should be reduced to avoid modulation degradation. Because the microwave effective
index of the electrode increases with the electrode gap, a large electrode gap requires a
thick buffer layer to keep the microwave index small as suggested by the optimizer.
As shown in Figure 6.4, the degree of resonant enhancement increases with electrode
gap due to low electrode loss and high characteristic impedance associated with a large
gap. However, an electrode gap larger than 26 µm requires thicker buffer layer which
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Figure 6.4: The switching voltage and the normalized phase shift at 10 GHz of the optimized
double-stub resonant modulators with different electrode gaps.
further reduces the strength of the electrooptic interaction. Hence, increasing the electrode
gap above 26 µm does not help to improve the overall modulation efficiency.
The optimal electrode gap and the total length of the active electrode are very close
to those of the modulator reported in [2]. However, the calculated switching voltage at
10 GHz is approximately 3.88 V, which is much lower than that of [2] (5.8 V). This
reduction of the switching voltage is due to a thicker electrode which reduces electrode
loss and thinner buffer layer which increases the electrooptic interaction.
Optimization for operating frequency of 20 GHz
The previous optimization showed improvement of performance at 10 GHz due to opti-
mized electrode structure. The effect of the electrode gap and buffer layer thickness on the
modulation efficiency has been identified. Now, the operating frequency is increased to
20 GHz to evaluate the trends of the effects of the buffer layer thickness and the electrode
gap.
Based on the optimization procedure described previously, modulators with double-
stub resonant electrodes were optimized with different electrode gaps for operating at
20 GHz. Table 6.3 summarizes the optimization results. Figure 6.5 shows the switching
voltage and normalized phase shift at 20 GHz with different electrode gaps.
Examination of the optimization results presented in Table 6.3 indicates that the in-
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Table 6.3: Optimization results for 20 GHz operating frequency, double-stub structure.
Electrode Buffer layer Active electrode Stub Vpi
gap (µm) thickness (µm) length (mm) length (mm) @20 GHz (V)
8 0.29 37.610 0.979 6.821
11 0.47 37.208 0.883 6.067
14 0.61 36.904 0.805 5.848
17 0.80 36.865 0.776 5.781
20 0.98 36.855 0.753 5.808
23 1.17 36.992 0.752 5.824
26 1.20 36.450 0.680 5.889
29 1.33 36.274 0.658 6.081
32 1.48 36.213 0.647 6.126
35 1.80 36.698 0.678 6.193
38 1.94 36.588 0.662 6.376
41 1.97 36.254 0.634 6.501
44 2.00 35.990 0.612 6.521
47 0.58 14.931 0.391 6.648
50 0.40 14.326 0.369 6.691
crease of the electrode gap requires an increase of the buffer layer thickness to compensate
for the increase of microwave effective index. This is because increasing the frequency
from 10 GHz to 20 GHz makes the resonant order increase. Thus, the electrode mi-
crowave index must be smaller than that when the frequency is 10 GHz. The buffer layer
thickness keeps increasing with electrode gap until reaching its maximum limit value of
2 µm when the gap is 44 µm. After that, the microwave effective index can not be re-
duced anymore. To avoid modulation penalty due to large phase mismatch, the length of
active electrode must be shortened as shown by the optimization results of G = 47 µm
and G = 50 µm. A short electrode has low RF loss. Therefore, the degree of resonant
enhancement increases as indicated by the sudden increase of the normalized phase shift
in Figure 6.5 when the gap increases from 44 µm to 47 µm. However, short interaction
length reduces the overall modulation efficiency, thereby increasing the switching voltage.
The optimal electrode gap to achieve lowest switching voltage at 20 GHz with double-
stub structure on Z-cut LiNbO3 is about 17 µm with 37 mm interaction length. This
optimal gap is much narrower than the optimal gap for the case of 10 GHz operating fre-
quency investigated previously. The buffer layer required with the optimal gap is 0.8 µm.
The calculated minimal switching voltage is about 5.8 V.
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Figure 6.5: The switching voltage and the normalized phase shift at 20 GHz of the optimized
double-stub resonant modulators with different electrode gap.
In this investigation, the gold thickness was limited to 30 µm. If it can be made thicker
to help to reduce the microwave index, better performance can be achieved with wider gap
and thinner buffer layer. Other velocity matching techniques mentioned in Chapter 2 can
also be applied.
6.2.3 Summary
This Section has investigated the optimal ACPW electrode structure for resonant modula-
tors with double-stubs on Z-cut LiNbO3. Similar to the investigation of Chapter 3, a nu-
merical optimizer was employed to explore the design trade-offs associated with the buffer
layer thickness and electrode gap. The electrode was optimized to operate at 10 GHz and
20 GHz. The investigation of this Section reveals that to reduce the switching voltage,
the interaction length of the electrode needs to be made long. However, in order to main-
tain long interaction length, the phase mismatch between the electric wave and the light
wave has to be kept small, especially when the operating frequency is high. If the phase
matching problem can be eliminated, the electrode can be optimized for high resonant
enhancement and low inherent switching voltage resulting in a highly efficient modulator.
Sections 6.3 and 6.4 present such structures.
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Figure 6.6: Structure of the proposed multi-section resonantly enhanced modulator
6.3 Multi-section resonantly enhanced modulators
The results of the investigation in Section 6.2 indicate that at high operating frequencies,
the phase mismatch between the electric wave and the lightwave is one factor that limits
the overall modulation efficiency of an RE-MZM. In order to keep the total phase mis-
match within the acceptable limit, the buffer layer has to be made thick or the interaction
length has to be reduced. However, either option reduces the overall modulation effi-
ciency. In this Section, a novel structure for RE-MZMs which can have long interaction
length but overcome the problem with phase mismatch is proposed and analyzed.
Figure 6.6 illustrates the proposed novel structure which is based on the similar con-
cept of [132]. It is called a multi-section RE-MZM. It consists of a number of separated
resonant cavities. The structure of each resonant cavity can be of any type like Fabry-
Perot, double-stub or asymmetrical type. Furthermore, all resonant cavities can be of the
same or different types.
Since the total interaction length of the modulator is divided into small segments, the
length of each resonant cavity is much smaller than the total modulator length. Therefore,
the requirement for the phase matching of each resonant cavity can be relaxed. Hence,
the electrode structure for each resonant cavity can be optimized to get higher electrooptic
interaction than the one that can be achieved with a single long electrode. Moreover, the
loss of each resonant cavity is reduced due to shorter electrode length. Therefore, the
resonant enhancement of each resonant cavity is improved.
To drive a multi-section RE-MZM, a microwave power divider is needed. A number
of phase shifters are required to adjust the phase of the RF signal to match to the phase of
the optical signal arriving from the previous section. Since the operating frequency range
is very narrow, a narrow-band power divider and phase shifters are easy to be designed
and fabricated.
In the following two Subsections, the performance of multi-section RE-MZMs is an-
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Table 6.4: Optimization results for two section resonant modulator at 20GHz.
Electrode Buffer layer Active electrode Stub Vpi
gap (µm) thickness (µm) length (mm) length (mm) @20 GHz (V)
8 0.2 34.172 0.847 6.146
11 0.2 32.993 0.648 5.242
14 0.2 32.087 0.550 4.866
17 0.2 31.320 0.494 4.702
20 0.2 30.665 0.458 4.635
23 0.2 30.116 0.433 4.590
26 0.2 29.655 0.416 4.565
29 0.2 29.254 0.402 4.586
32 0.21 28.959 0.392 4.603
35 0.4 29.965 0.407 4.623
38 0.4 29.653 0.396 4.629
41 0.4 29.387 0.389 4.646
44 0.4 29.127 0.382 4.691
47 0.4 28.883 0.376 4.718
50 0.4 28.653 0.369 4.731
alyzed. Two configurations are considered, one with two resonant cavities, and one with
four resonant cavities. The operating frequency is 20 GHz so that the comparison to an
optimized single cavity structure of Section 6.2 can be made.
6.3.1 Two section resonant modulator
The first multi-section modulator structure to be considered is a two section one to check
if there is any efficiency improvement gained from dividing the electrode into shorter
sections.
The electrode structure of each resonant cavity is of double-stub structure with ACPW
active electrode on Z-cut LiNbO3 as described in Section 6.2. The specifications for
the optical waveguides, active electrode and stubs are similar to those in Section 6.2.
Similar to Section 6.2, a numerical optimizer was employed to seek for optimal electrode
configuration with different electrode gaps. The phase delay φ, which is in the range 0 to
2π radians, is the additional optimization parameter to the already defined parameters of
the numerical optimizer of Section 6.2.
The results of the optimization for two section structure with different electrode gaps
are presented in Table 6.4, while Figure 6.7 shows the effective switching voltage and
CHAPTER 6. 128
 4.4
 4.6
 4.8
 5
 5.2
 5.4
 5.6
 5.8
 6
 6.2
 5  10  15  20  25  30  35  40  45  50
 0.5
 0.6
 0.7
 0.8
 0.9
 1
 1.1
 1.2
 1.3
 1.4
Ef
fe
ct
ive
 S
wi
tc
hi
ng
 V
ol
ta
ge
 V
pi
 
(V
)
N
or
m
al
iz
ed
 p
ha
se
 s
hi
ft 
∆ϕ
Electrode gap G (µm)
Vpi
∆ϕ
Figure 6.7: The switching voltage and the normalized phase shift at 20 GHz of the optimized two
section resonant modulators with different electrode gaps.
the normalized phase shift of the resulting optimized modulators with different electrode
gaps.
It is evident from Table 6.4 that the requirements for the buffer layer thickness of the
two section modulators are much lower than those of single section modulators. Because
the length of each resonant cavity is much shorter, its resonant order is reduced. There-
fore, two section resonant modulators can afford a much higher phase velocity mismatch
without any penalty to the modulation efficiency.
With two sections of double-stub electrode structure, the optimal electrode gap in-
creases from 17 µm in the case of single section of Section 6.2 to approximately 26 µm.
The optimal buffer layer thickness has been reduced to the minimum allowed value of
0.2 µm. Because of much thinner buffer layer, the minimum estimated switching voltage
at 20 GHz decreases significantly from 5.78 V with single section of 36.865 mm active
electrode down to 4.56 V with two sections of only 29.655 mm total active electrode. At
20 GHz, the optimal single section modulator has the switching voltage length product of
21.31 Vcm, while that of the optimal two section modulator is 13.52 Vcm.
It can be seen from Figure 6.7 that increasing electrode gap makes the degree of reso-
nant enhancement increase since a large gap electrode has low loss and high characteristic
impedance. However, when the gap is larger than 29 µm, the buffer layer thickness has
to be increased from the minimum value of 0.2 µm to compensate for the increase of
the microwave effective index. A large electrode gap together with a thicker buffer layer
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Table 6.5: Optimization results for four section resonant modulator at 20GHz.
Electrode Buffer layer Active electrode Stub Vpi
gap (µm) thickness (µm) length (mm) length (mm) @20 GHz (V)
8 0.2 40.000 1.127 5.946
11 0.2 40.000 0.816 5.005
14 0.2 40.000 0.641 4.525
17 0.2 40.000 0.514 4.221
20 0.2 39.757 0.433 4.043
3 0.2 39.182 0.407 3.903
26 0.2 38.683 0.388 3.790
29 0.2 38.236 0.374 3.720
32 0.2 37.829 0.362 3.652
35 0.2 37.475 0.352 3.620
38 0.2 37.138 0.343 3.568
41 0.2 36.843 0.336 3.532
44 0.2 36.582 0.330 3.503
47 0.2 36.328 0.325 3.500
50 0.2 36.100 0.321 3.470
makes the inherent switching voltage increase quickly. This results in slight increase of
the effective switching voltage with the increased electrode gap when the electrode gap
is made larger than 29 µm although the resonant enhancement is still higher with larger
electrode gap as can be seen in Figure 6.7.
The optimized two section modulator shows improvement of modulation efficiency.
The resonant order of each cavity is six; hence, index mismatch is still the main limitation.
It is possible to further increase the efficiency by increasing the number of sections so that
the resonant order of each cavity is reduced.
6.3.2 Four section resonant modulator
The two section modulators investigated in the previous Subsection were still limited by
the problem of index mismatch due to large resonant order. To overcome this problem,
the resonant order of each cavity needs to be reduced. In this Subsection, the number of
sections was increased to four so that the resonant order can be made lower.
Similar to the previous Subsection, the four section modulators were numerically op-
timized with different electrode gaps. The results of the optimization are summarized in
Table 6.5. In Table 6.5, the buffer layer thickness has been reduced to 0.2 µm for all val-
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Figure 6.8: The switching voltage and the normalized phase shift at 20 GHz of the optimized
four section resonant modulators with different electrode gaps.
ues of electrode gap by the optimizer. This is the case because the length of each resonant
cavity of the four section modulator is much shorter than that of single or two section
modulator. Since the phase mismatch is not the main limiting factor if the cavity length is
made short, the overall modulation efficiency can be improved by minimizing the buffer
layer thickness to reduce the inherent switching voltage.
Figure 6.8 shows the variations of the estimated effective switching voltage and the
normalized phase shift of optimized modulators with electrode gaps. Similar to a two sec-
tion modulator, increasing electrode gap makes the RF loss reduce and the characteristic
impedance increase. Hence, the normalized phase shift which defines the scale of reso-
nant enhancement increases with electrode gap. The optimal trend of the electrode gap on
switching voltage is clearly seen in Figure 6.8. Similar to the optimization investigation of
Chapter 3, a modulator with a large electrode gap has high modulation efficiency although
the inherent switching voltage is higher with larger electrode gap. With four sections, the
optimal value for electrode gap is 50 µm or even higher. The switching voltage at 20 GHz
of the optimized modulator with 50 µm electrode gap is estimated to be about 3.47 V,
which is a significant reduction from the minimum value of 4.73 V for the optimized two
section modulator as presented in Subsection 6.3.1.
It is shown that by increasing the number of sections to four so that the resonant order
is reduced, significant improvement of modulation efficiency is achieved by optimizing
the electrode for high resonant enhancement and low inherent switching voltage. Since
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the resonant order of each cavity of the optimized 50 µm modulator is four, further im-
provement of modulation efficiency is possible with an increased number of sections.
6.3.3 Discussion
The comparison of the results of the optimization investigations of multi-section resonant
modulators presented in Subsections 6.3.1 and 6.3.2 and of single section modulators
in Section 6.2 reveals that increasing the number of sections improves the overall mod-
ulation efficiency. At the designed resonant frequency, the effective switching voltage
reduces from 5.78 V for an optimal single section resonant modulator to 4.56 V for an
optimized two section structure. Whereas, the optimized resonant modulator with four
sections shows a switching voltage of only 3.47 V. Accordingly, the switching voltage
length product decreases from 21.31 Vcm to 13.52 Vcm and 12.53 Vcm when the num-
ber of sections increases from one to two and four respectively.
There are two main factors that can be attributed to this increase of modulation effi-
ciency. Firstly, because the length of each resonant cavity is reduced when the number of
sections is increased, the problem of phase mismatch is overcome. The buffer layer thick-
ness can be made very thin to increase the electro-optic interaction. Secondly, a short
cavity length also makes the total loss inside the cavity small. Therefore, the resonant
enhancement factor of each cavity increases. This is confirmed by comparing the nor-
malized phase shift of the modulators with different electrode configurations presented in
Figure 6.5, Figure 6.7 and Figure 6.8. Apparently, with any given electrode length, the
normalized phase shift increases if the number of sections is larger.
Figure 6.9 shows the simulated switching voltage of resonant modulators with one,
two and four resonant cavities and four resonant cavities with lightwave reflection. When
the lightwave reflection is applied to the optimized four section modulator of Subsec-
tion 6.3.2 with 50 µm electrode gap, the switching voltage at 20 GHz is lowered to 2.18 V
from 3.47 V of single pass (lightwave) structure. Examination of Figure 6.9 indicates
that increasing the number of resonant cavity also reduces the number of peak resonant
frequencies because when the length of each resonant cavity is shorter, it supports fewer
resonances.
It can also be seen that the 3 dB bandwidth decreases when the number of resonant
cavities is increased. The 3 dB bandwidth of the single section modulator is 0.98 GHz, of
the double section modulator is 0.78 GHz, and of the four section modulator is 0.56 GHz.
This is the case because increasing the number of cavities makes the length of each cav-
ity shorter. Consequently, the loss of each cavity is lower. Hence, the Q-factor of the
resonance increases and the bandwidth decreases.
CHAPTER 6. 132
 0
 2
 4
 6
 8
 10
 12
 10  15  20  25  30
Sw
itc
hi
ng
 V
ol
ta
ge
 V
pi
 
(V
)
Frequency (GHz)
Single section
2 sections
4 sections
4 sections with optical reflection
Figure 6.9: The calculated switching voltage of different optimized resonant modulator structure
as a function of frequency.
Since a number of RF phase delays are needed to make the phase of the microwave
signal match to the phase of the optical signal arriving from the previous section, the
performance of a multi-section resonant modulator may be sensitive to the variations of
these phase delays from the designed values. So far, it has been assumed that the RF
powers applied to all sections are perfectly balanced. Unbalanced RF powers may have
impact on the performance. Futher investigation is needed to determine the effects of
phase and power variations on the performance of a multi-section RE-MZM.
In the investigation of this Section, the loss in the power dividers and the feeding
networks has been ignored. It is anticipated that the resulting switching voltage of the
proposed multi-section RE-MZM structure also depends strongly on the loss in the power
dividers and the feeding networks. Therefore, attention should be placed on the design of
the power dividers and the feeding networks to minimize the loss.
The double-stub structure has been adopted as the basic resonant structure in this Sec-
tion; however, other structures are also possible. The impedance matching stubs, power
dividers and feeding networks can be implemented on external low loss microwave sub-
strates and connected to the LiNbO3 substrate by flip-chip bonding. If low loss substrates
are used, the effect of the loss in the power dividers and feeding networks on the modula-
tion efficiency can be minimized.
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Table 6.6: Summary of optimal parameters for double-stub resonant electrode structure.
Parameter Single section Two section Four section
Electrode gap (µm) 17 26 50
Buffer layer thickness (µm) 0.8 0.2 0.2
Switching voltage @20 GHz (V) 5.78 4.56 3.47
6.3.4 Summary
This Section has proposed and investigated a multi-section resonant modulator struc-
ture with multiple resonant cavities. The optimization of multi-section RE-MZMs with
double-stub structures operating at 20 GHz has been presented. It has been shown that
with a given maximum interaction length, the modulation efficiency can be improved by
dividing the total electrode length into a number of resonant cavities. Since the interac-
tion length of each cavity is much shorter than that of a single cavity modulator, each
resonant cavity can have large phase mismatch between the standing electric wave and
the lightwave without detrimental effect to the modulation efficiency. Therefore, the elec-
trode gap can be made large in order to increase the resonant enhancement through low
electrode loss and high characteristic impedance. Furthermore, the buffer layer thickness
can be reduced to be much thinner than that of a single cavity modulator to increase the
electrooptic overlap. The optimal electrode gap, buffer layer thickness and estimated ef-
fective switching voltage at 20 GHz for two and four section resonant modulator together
with those of single section modulator of Section 6.2 are summarized in Table 6.6.
6.4 Cascaded multi-cavity resonantly enhanced modula-
tors
Section 6.3 investigated a resonant structure that can overcome the problem of phase
mismatch by dividing the electrode into shorter sections. However, in that structure, a
power divider and a feeding network with delay lines are required. The performance
can be sensitive to the fluctuation of these elements. This Section presents and analyzes
another novel structure.
Figure 6.10 presents the structure of a cascaded multi-cavity RE-MZM. Like the
multi-section structure reported in Section 6.3, the interaction length of the electrode is
divided into a number of segments and each electrode segment represents a resonant cav-
ity. The length of each resonant cavity is very short; therefore, its resonant order is low.
As investigated in Chapter 2, the microwave index of the electrode can be much larger
CHAPTER 6. 134
Optical In Optical Out
RF In Inductive terminations
Figure 6.10: Cascaded multicavity resonant structure.
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Figure 6.11: Equivalent circuit model of a cascaded resonantly enhanced modulator.
than the optical index without detrimental effect to the modulation efficiency. Unlike the
multi-section structure in which all resonant cavities are separated, in this structure, res-
onant cavities are connected in cascaded arrangement with inductive terminations. The
output termination of the previous cavity is the input termination of the following cavity.
The RF power is coupled from the previous cavity to the following cavity. Apart from
being the terminations of Fabry-Perot resonant cavities, the inductive terminations also
help to reduce the average microwave index of the electrode by reducing the inductance
of the transmission line [133, 134]. Thus, phase matching between the standing-wave
and the lightwave can be achieved. In the following Subsections, the effectiveness of this
approach will be investigated.
6.4.1 Number of resonant cavities and the modulation efficiency
This Subsection aims to investigate the effect of the number resonant cavities on the per-
formance of a cascaded RE-MZM. A simple equivalent circuit model as shown in Fig-
ure 6.11 is used in the investigation. In this circuit model, the inductive terminations are
simply represented by ideal inductive elements T1, T2, ..., TN and TN+1, where N is the
number of resonant cavities. Middle termination T2, T3, ..., TN are equal and can be differ-
ent from the start and end terminations T1 and TN+1. For simplification of investigation,
all cavities have the same electrode length, that is L1 = L2 = ... = LN = L.
In this investigation, a CPW electrode structure on X-cut LiNbO3 is considered. As
CHAPTER 6. 135
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 0  5  10  15  20
Ca
vit
y 
le
ng
th
 (m
m)
Number of cavities
Figure 6.12: The length of each resonant cavity of cascaded resonant modulators.
investigated in Chapter 3, to reduce the RF loss and the inherent switching voltage, an
electrode configuration with electrode gap G = 50 µm, electrode width W = 16 µm,
electrode thickness Te = 30 µm and SiO2 buffer layer thickness Tb = 0.2 µm is con-
sidered. The characteristics of the electrode obtained from the simulation models of Sec-
tion 3.3 of Chapter 3 are effective microwave index Nm = 3.086, characteristic impedance
Zc = 37.6 Ω, attenuation constant αc = 0.192 dB/cm
√
GHz and inherent switching volt-
age length product VpiL = 9.33 Vcm. The numerical optimizer described in Section 3.5
of Chapter 3 was employed to search for the cavity length L and inductance T1, T2, ...,
TN+1 to maximize the overall modulation efficiency with a given number of cavities N .
An upper limit of 4 cm was imposed on the total electrode length N × L. The operating
frequency is 20 GHz.
The length of each resonant cavity of RE-MZMs with different number of resonant
cavities is shown in Figure 6.12. It can be observed from Figure 6.12 that the optimal
length of each cavity is approximately 4 mm, which is slightly smaller than a wavelength
of the microwave signal (λe = 4.86 mm) when the number of cavities is less than 10.
Increasing the number of cavities to more than 10 makes the optimal length of each cavity
reduce to about 2 mm which is close to λe/2. The change in the optimal length of each
cavity is due to the 4 cm maximum limit of the total electrode length.
It is shown in Figure 6.12 that when considering a resonant modulator with only one
resonant cavity, the length of the electrode is only 4.3 mm, although the maximum length
limit is 4 cm. This very short electrode length is due to the large phase mismatch be-
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tween the electric wave and the lightwave. The microwave effective index of the electrode
Nm = 3.0865 is much higher than the effective index of the guided mode of the optical
waveguide No ≃ 2.15. With that index difference and at 20 GHz, the walk-off length,
that is the length above which the phase difference between the microwave and lightwave
signals is greater than π radians, is about 8 mm. This walk-off length is less than twice the
wavelength of the microwave signal at 20 GHz. Therefore, the cavity length of a single
cavity resonant modulator has to be limited to less than a wavelength to avoid modula-
tion penalty due to the large phase mismatch. However, the total electrode length can be
extended well beyond the walk-off length in multi-cavity RE-MZMs.
To help to explain why a multi-cavity resonant modulator can have the electrode length
much larger than the walk-off length, the phases of the lightwave and the standing-wave
microwave signals are plotted in Figure 6.13 as functions of distance z from the electrode
input port. In Figure 6.13, for the purpose of illustrating the phase mismatch, the single
cavity modulator is not the one with a 4.3 mm electrode obtained from the numerical op-
timization described previously. Instead, the electrode was lengthened to 4 cm. Clearly,
due to the large index difference, there is a large phase mismatch between the standing
microwave and lightwave signals. However, the phase mismatch reduces significantly
with multi-cavity modulators. It is indicated that with the inductive terminations added,
the phase of the standing microwave signal is periodically reset to match to the phase of
the lightwave signal. Examination of Figure 6.13 also reveals that the modulator with 20
resonant cavities has better phase match than the 10 cavity modulator. This is because
the cavity length of 20 cavity modulator is only half of that of 10 cavity modulator, thus,
the phase of the microwave signal of 20 cavity modulator is corrected more often than of
the modulator with 10 cavities. Thus, in a multi-cavity configuration, the index match-
ing requirement, which is the main design criterion for broadband modulators with long
electrodes, can be completely ignored.
Figure 6.14 shows the calculated effective switching voltage of the resulting cascaded
resonant modulators as a function of the number of resonant cavities. As expected, in-
creasing the number of resonant cavities actually improves the modulation efficiency ex-
cept at the point where the number of cavities increases from 10 to 11. When the number
of cavities increases from 10 to 11, the cavity length has to be reduced from about 4 mm
to approximately 2 mm as shown in Figure 6.12. Therefore, the 11 cavity modulator has
much shorter total electrode length than the 10 cavity one. Thus, the switching voltage
of the 11 cavity modulator is higher than that of the 10 cavity modulator. In this inves-
tigation, all cavities have the same resonant order. It is anticipated that if mixed order
resonant cavities are considered, the effective switching voltage will drop smoothly with-
out the kick as seen in Figure 6.14 when the number of cavities increases from 10 to
11.
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Figure 6.13: The phase of the lightwave signal and the standing-wave microwave signals of single
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Since all cavities have the same length, the total electrode length increases linearly
with the number of cavities. If the electrode is lossless, the switching voltage will decrease
linearly with the number of resonant cavities. However, due to the lossy electrode, the
power passed on to the next cavity is reduced. As a result, the resonant enhancement
factor decreases. Hence, the switching voltage only decreases exponentially with the
increase of the number of resonant cavities. The effective switching voltage of the 20
cavity modulator is lower than the 10 cavity one, even though their total electrode lengths
are the same. The resonant order of each cavity of 20 cavity modulator is only one,
whereas, that of the 10 cavity modulator is two. Reduction of resonant order causes the
degradation of modulation efficiency due to large phase mismatch insignificant.
6.4.2 Performance of a cascaded resonantly enhanced modulator
In the previous Subsection, the effectiveness of adding more resonant cavities in cascaded
arrangement to increase the modulation efficiency has been evaluated. This Subsection
analyzes the performance of a cascaded resonant modulator with 10 cavities and compares
that to the performance of a single cavity modulator. The modulators used in this inves-
tigation have the same structure as the one in Subsection 6.4.1. However, the inductive
terminations are represented by shorted CPW stubs. The shorted stubs are designed to be
fabricated on the same LiNbO3 substrate as the active electrode. Figure 6.15(a) illustrates
a modulator with 10 cascaded cavities, while Figure 6.15(b) shows the equivalent trans-
mission line circuit model. The SiO2 buffer layer thickness and gold thickness of the stubs
are the same as those of the active electrode. The center conductor width of the stubs is
10 µm, while the gap is 60 µm to reduce the RF loss. Using the FEM simulation mod-
els described in Section 3.3 of Chapter 3, the microwave index, characteristics impedance
and attenuation constant of the stubs were found to be 3.03, 44 Ω, and 0.185 dB/cm
√
GHz
respectively. The lengths of the stubs were calculated from the equivalent inductive ele-
ments [105] found in Subsection 6.4.1. For the 10 cavity resonant modulator, the length
of the first stub is L1 = 0.616 mm, of the last stub is L11 = 0.397 mm, and of other stubs
are L2 = L3 = ...L10 = 0.324 mm. The stub lengths of the single cavity modulator are
L1 = 0.34 mm and L2 = 0.425 mm.
Figures 6.16 and 6.17 show the simulated optical response and the RF return loss,
respectively, of the 10 cavity and single cavity RE-MZMs. The optical response and RF
return loss calculated from the simulation models with ideal inductive terminations are
also presented in Figure 6.16 and Figure 6.17. It can be seen that operation at several
resonant frequencies is possible. However, the peak resonant enhancement is at 20 GHz.
Clearly, the 10 cavity modulator has much higher modulation efficiency than the sin-
gle cavity modulator due to much longer active electrode length. The estimated 3 dB
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Figure 6.15: (a) Diagram of a 10 cavity cascaded resonantly enhanced modulator with shorted
stub terminations, (b) equivalent transmission line model.
bandwidth of the 10 cavity modulator is about 0.665 GHz which corresponds to a band-
width of 3.33 % at 20 GHz, while that of the single cavity modulator is approximatedly
0.5973 GHz. Because the 10 cavity modulator has higher total electrode loss than single
cavity one, its Q-factor is lower than the Q-factor of the single cavity modulator. Hence,
the 10 cavity modulator has slighly higher 3 dB bandwidth. It is clear from Figure 6.17
that due to multiple cavities, the -10 dB return loss bandwidth of the 10 cavity modulator
is much better than that of the modulator with only one resonant cavity.
Apparently, the simulated responses of the modulators with shorted-stubs are quite
similar to those of the modulators which have terminations represented by ideal induc-
tance elements. At 20 GHz, the optical responses of the single cavity modulators with
shorted-stubs and with ideal inductive terminations are very close to each other. The
optical response of the 10 cavity modulator with shorted-stub terminations is, however,
1.37 dB lower than that of the modulator with ideal terminations. The calculated switch-
ing voltage using the shorted-stubs is 3.22 V which represents a 18 % increase from
2.72 V in the case of modulator with ideal terminations. This reduction of modulation
effiency is caused by the loss of the stubs. The 10 cavity modulator has a large number
of shorted-stubs which contribute a significant loss to the total cavity loss. Whereas, the
total loss of the stubs in single cavity modulator is much smaller. If the loss of the stubs
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Figure 6.16: Frequency dependent optical response of a 10 cavity cascaded resonantly enhanced
modulator in comparison with that of a single cavity modulator.
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Figure 6.17: The RF return loss of a 10 cavity cascaded resonantly enhanced modulator in com-
parison with that of a single cavity modulator.
CHAPTER 6. 141
is ignored in the simulations models, the optical response of the resulting multicavity res-
onant modulator is approximately the same as the response of the modulator using ideal
inductive terminations. Thus, if the terminations can be realized on a low loss microwave
substrate to minimize the loss due to the stubs, then a significant improvement in modu-
lation efficiency can be achieved. Flip-chip bonding scheme [135] is required to connect
the terminations to the active electrode.
6.4.3 Summary
In this Section, a novel structure with cascaded resonant cavities for RE-MZMs has been
presented and analyzed. The structure is capable of operating at millimeter-wave frequen-
cies. It has been shown that with inductive terminations periodically added on the active
electrode, the phase of the microwave signal can be adjusted to match to the phase of the
lightwave signal. Hence, the requirement for velocity matching is no longer necessary.
The interaction length of the electrode can be made very long to increase the overall mod-
ulation efficiency even with a large velocity mismatch. The electrode structure can be
optimized to have low inherent switching voltage and high resonant enhancement without
the need of velocity matching. The main advantage of this structure over the multi-section
structure of Section 6.3 is that it does not require the feeding network.
The performance of a 10 cavity cascaded RE-MZM on X-cut LiNbO3 with shorted-
stubs as inductive terminations was also evaluated. It was found that the modulation
efficiency of the cascaded resonant modulator with shorted-stubs degraded slightly from
the efficiency of the modulator with ideal inductive terminations due to the RF loss in
the stubs. At 20 GHz, the estimated effective switching voltage is approximately 3.22 V,
which is slightly lower than the switching voltage of the optimized four section resonant
modulator with double-stubs on Z-cut LiNbO3 investigated in Section 6.3. The practical
realization of such cascaded structure is the subject of further investigation.
6.5 Toward sub-1V switching voltage
This Chapter has presented the optimization of a double-stub resonant structure for op-
erating at 10 GHz and 20 GHz. From the optimization results, it was found that index
mismatch is the main limitation of improving the modulation efficiency at high frequen-
cies. To overcome this limitation, multi-section and multi-cavity cascaded resonant struc-
tures were proposed. It was shown that significant improvement in modulation efficiency
could be achieved. The result presented in this Chapter is probably the lowest reported
switching voltage at 20 GHz. It is anticipated that the modulation efficiency can be further
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increased by considering other techniques with resonant enhancement.
With resonant enhancement technique, the optical wave is modulated by both for-
ward and backward electric waves. Therefore, the effective interaction length can be
doubled by using lightwave reflection [3, 84, 99] to increase the overall modulation effi-
ciency. Only simple coplanar structures were considered in this Chapter. It is anticipated
that the switching volage can be further reduced if more complex structures, like etched
ridges [50–54, 136, 137], back-side slot [55] and thin-sheet LiNbO3 substrate [57, 58],
are applied. The inherent switching voltage can also be reduced by using multimode op-
tical waveguides [54, 63] in the active sections. Dual-drive is another option to reduce
the switching voltage. With dual-drive, single side band (SSB) modulation to overcome
chromatic dispersion is possible [138].
Sections 6.2 and 6.3 showed that electrode thickness should be very large to reduce the
electrode loss and microwave effective index. Therefore, if the fabrication technology per-
mits, the electrode should be made very thick. Since the X-cut devices have large gap and
width configurations, their electrodes can be made thicker than the current limit of 30 µm.
However, as the electrode width of Z-cut devices is narrow, it is difficult to increase the
electrode thickness with the current fabrication technology. If all of these techniques are
applied together with resonant enhancement structures discussed in this Chapter, it should
be possible to achieve less than 1V effective switching voltage at 20 GHz.
6.6 Conclusions
This Chapter has presented the theoretical investigations of highly efficient modulators
for operating at millimeter-wave frequencies with resonant enhancement technique. Un-
like other modulators reported in literature which have very short electrode length in order
to achieve high modulation efficiency per unit length, the modulators investigated in this
Chapter have long electrode to maximize overall modulation efficiency. Two novel struc-
ture capable of operating at millimeter-wave frequency were proposed and analyzed.
Section 6.2 demonstrated the simulation and optimization of a resonant modulator
on Z-cut LiNbO3 with double-stubs and ACPW active electrode. The simulation model
was verified against the published experimental results. Excellent agreement between the
theoretical prediction and the measured data was observed. The numerical optimization
approach was then employed to explore the design trade-offs associated with the buffer
layer thickness and the electrode gap. It was found that in order to maintain long in-
teraction length, the index mismatch between the electric wave and the lightwave must
be reduced. For an operating frequency of 10 GHz , the optimal electrode gap and buffer
layer thickness are 26 µm and 0.2 µm, respectively. While at 20 GHz, they become 17 µm
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and 0.8 µm, respectively. This narrow gap and thick buffer layer thickness are necessary
to reduce the phase velocity of the microwave signal to minimize the phase mismatch.
This configuration has high attenuation, so the resonant enhancement factor is small. The
thick buffer layer also reduces the overlap between the electric field and the optical field.
In Section 6.3, a novel multi-section resonant structure was proposed. To overcome
the problem of large phase mismatch, the long interaction length was divided into sepa-
rated sections which contain a small portion of the total electrode length. The phase of
each each section was corrected by an external phase shifter. Since the length of each
section is short, it can afford high phase mismatch. The performance of the proposed
multi-section structure was evaluated. Again, a numerical optimizer was used to search
for an optimal electrode configuration. Because of large allowed phase mismatch, the
electrode gap can be made large to reduce electrode loss and increase the characteristic
impedance, and the electro-optic interaction can be increased by using a thinner buffer
layer. These make the resonant enhancement factor increase and at the same time, the
inherent switching voltage is reduced while maintaining a long total interaction length. A
significant improvement of modulation efficiency was predicted with the increased num-
ber of sections. The estimated switching voltage at 20 GHz reduced from 5.78 V for a
single section modulator to 3.47 V for a 4 section modulator.
Another resonant structure was presented and analyzed in Section 6.4. In this struc-
ture, the long interaction length is also divided into a number of resonant cavities cascaded
together. Similar to the previous structure, the length of each resonant cavity is small so
that the phase mismatch can be large. The phase of the electric wave is periodically ad-
justed to match to the phase of the lightwave using inductive terminations. It was observed
that the optimal length of each resonant cavity should be smaller than the walk-off length.
When the electrode structure is optimized for low loss, high characteristic impedance and
low inherent switching voltage, the walk-off length is very small at high frequency. Thus,
a large number of resonant cavities are required to increase the overall modulation effi-
ciency with a long interaction length. It was confirmed in Section 6.4 that increasing the
number of resonant cavities reduces the effective switching voltage although the rate of
reduction is smaller when the number of cavities is larger. Section 6.4 also theoretically
demonstrated a cascaded multi-cavity resonant modulator with 10 cavities and shorted
CPW stubs as inductive terminations. Although the estimated modulation efficiency was
lower than that of a modulator with ideal terminations due to the loss of the stubs, the
effective switching voltage as low as 3.22 V is possible.
This Chapter also discussed other techniques that can be applied to an RE-MZM to
further increase the modulation efficiency. Mentioned techniques were optical reflection,
more complex electrode structures, such as ridge, back-side slot and thin-sheet, multi-
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mode optical waveguides, thicker electrode and dual-drive.
In conclusion, although there is evidently a great deal of work that should be done to
practically realize the proposed structures, the goal of this Chapter has been reached. It
has been shown that it is possible to achieve very highly efficient modulators by resonant
enhancement with long electrodes. These modulators have great potential application in
narrow-band applications such as fibre-wireless, photonic mixing, and photonic oscilla-
tion where very efficient modulators are required.
Chapter 7
Conclusions
The aim of this Thesis was to investigate highly efficient optical modulators on LiNbO3
with resonant enhancement. Particular emphasis was placed on the analysis of the opti-
mum modulator design parameters that can help to improve the modulation efficiency
of resonantly enhanced modulators, and optimization of electrode structure to realize
these optimum parameters. Design trade-offs were identified and rigorously explored
by numerical optimization to achieve the best modulation efficiency. Sensitivity analysis
was carried out to assess the manufacturability of the optimized structure. A highly effi-
cient resonantly enhanced-modulator on X-cut LiNbO3 was demonstrated at the resonant
frequency of 1.8 GHz. Application of these techniques and understanding to resonant
modulators operating at millimeter-wave frequencies and with high overall modulation
efficiency were also proposed and preliminary designs were analyzed with excellent per-
formance predicted. A summary of the major achievements of each Chapter is presented
in the following Section.
7.1 Outcomes of this work
In Chapter 2, a brief review of the operation of Mach-Zehnder optical modulators on
LiNbO3 was presented. A review of advanced techniques was also conducted. The rela-
tionship between the RF signal loss of an RF-photonic link and the modulation efficiency
of the optical modulator highlighting the necessity of improving the modulation efficiency
was discussed. Techniques to improve the modulation efficiency through resonant en-
hancement at the expense of reduced bandwidth for narrow-band applications were then
explored. A comprehensive review of resonant enhancement techniques available in the
literature was completed. In order to predict the performance of modulators with complex
resonant electrode structures, a flexible simulation tool was developed. This tool is an ex-
tension of previously published work and capable of simulating modulators with almost
145
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arbitrary complexity. The final Section of Chapter 2 focused on a parameter study of the
relationship between the electrode characteristics and the modulation efficiency of reso-
nant modulators. A number of resonant configurations were considered. Optimum design
objectives which were significantly different from the those of traveling-wave modulators
were found.
The aim of Chapter 3 was to optimize the electrode structure to achieve the optimal
electrode characteristics identified in Chapter 2. Gold electroplated CPW electrode struc-
tures on X-cut LiNbO3 were chosen for this study. A parameter study of the impacts of
electrode cross-sectional dimensions including the gap, width, gold thickness and buffer
layer thickness on the microwave and electro-optic characteristics was presented. The
focus of this study was to explore how the optimal characteristics can be realized. The
electrode characteristics were simulated using a FEM simulator. A brief description of
this tool was also presented. It was found that it is impossible to achieve all of the optimal
characteristics simultaneously, especially when considering the electrode gap and buffer
layer thickness. Some design trade-offs must be explored. The numerical optimization
approach was proposed to investigate these trade-offs. The results of this optimization
showed that the optimal electrode structures for resonant operation are those with thick
electrodes, thin buffer layer, large gap and optimal center electrode width such that both
optical waveguides can be placed at the strongest electro-optic interaction positions while
maintaining minimum separation. With this structure, the best trade-offs between reso-
nant enhancement and inherent switching voltage can be achieved to maximize the overall
modulation efficiency.
Due to their resonant nature, the performance of resonantly enhanced modulators may
be sensitive to the variations of electrode characteristics which result from the fabrication
fluctuations, especially for very thick electrodes. Chapter 4 presented an investigation
into the effects of the real world manufacturing tolerances on the performance of the
resonantly enhanced modulators, including the resonant frequency and the modulation
efficiency at the operating frequency. The analysis took into consideration the effects of
all electrode cross-sectional dimensions as well as the electrode wall angle. The results of
this analysis indicated that modulators with large electrode gaps are the most tolerant to
the fabrication variations, and hence as well as being the most effective resonant design,
it is also the most practical to realize.
The numerically optimized resonant modulator investigated in Chapter 3 and Chap-
ter 4 was practically realized in Chapter 5. The modulator consisted of an electrode
structure with inductive terminations at both ends to form a Fabry-Perot resonant cavity.
The modulator was fabricated on X-cut LiNbO3 at the Microelectronics Materials Tech-
nology Center (MMTC), RMIT University. The inductive terminations were optimized
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and realized on an external ceramic substrate to reduce the RF loss of the terminations and
the size of the modulator chip. It was anticipated that the flip-chip interconnection could
be employed to connect the terminations to the modulator chip. However, because of
the unavailability of flip-chip technology at the time of this investigation, a wire-bonding
approach was attempted. This resulted in the requirement of inactive sections on mod-
ulator chip and terminations which contributed significant length and signal loss to the
resonant cavity. A resonant enhancement factor of 5 dB was observed when compared to
the unenhanced modulator with the termination removed. An equivalent effective switch-
ing voltage of about 2 V was found at the resonant frequency of 1.8 GHz. This is the
lowest reported effective switching voltage on an X-cut device. Excellent agreement be-
tween theoretical prediction and experimental result was achieved. The performances of
an RF-photonic link using the realized resonant modulator in terms of noise figure and
link distortion were also analyzed. The effectiveness of using the resonant modulator to
improve the link noise figure when the link is limited by RIN noise was demonstrated.
Furthermore, no increase of the link distortion was observed. Thus, a resonant modulator
can be used in a narrow-band RF-photonic link to improve the link gain and link noise
figure performance without degrading the linearization of the link.
Chapter 6 investigated resonantly enhanced modulators for operation at frequencies
of 10 GHz and beyond. The investigation started with the verification of the simulation
models against the published experimental results. Then, the numerical optimization ap-
proach developed in Chapter 3 was applied into the optimization of a resonant electrode
structure reported in the literature. Similar to Chapter 3, the design trade-offs associated
with the buffer layer and electrode gap were explored. At 10 GHz, the optimized modula-
tor showed significant reduction of the effective switching voltage from 5.8 V (published)
to 3.9 V (optimized). In order to increase the overall modulation efficiency, the active
electrode should be long. It was found that at high frequencies, the resonant order of long
electrode was high; therefore, the phase mismatch between the electromagnetic wave and
lightwave was one of the main limitations. To maintain phase matching, the buffer layer
was made thick and the gap was made small. These constraints reduced resonant en-
hancement and increased inherent switching voltage, thereby limiting the enhancement
of overall modulation efficiency.
In order to minimize the impact of phase mismatch, two novel resonant structures
were proposed and analyzed. In these structures, the whole active electrode was divided
into a number of resonant cavities of shorter lengths so that the resonant order of each
segment could be reduced. With the phase matching constraint removed, the buffer layer
could be made thinner and the gap could be made wider to give the best overall modu-
lation efficiency through low inherent switching voltage and high resonant enhancement.
In the first structure, all resonant cavities were driven by an external power divider and a
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delay network, whereas, on other structure, the resonant cavities were cascaded together
and were driven from one end of the electrode. Significant improvements of modulation
efficiency were shown by these structures. The simulations of these resonant structures
suggested that effective voltage of around 3 V could be achieved at 20 GHz with a sim-
ple coplanar electrode structure. Even lower effective switching voltage is possible when
other techniques such as lightwave reflection, more advanced electrode structures and
dual-driving can be used together with resonant enhancement. From this, it can be con-
cluded that resonant enhancement techniques of this Thesis can be effectively applied at
millimeter-wave frequencies.
7.2 Suggestions for future work
The primary goal of this work, which was to optimize electrode structure to maximize
overall modulation efficiency of resonantly enhanced modulators, has been achieved.
Based on the outcomes and observations, some suggestions for future investigations are
summarized as follows.
The optimization of Chapter 3 suggested a wide center electrode, large gap and thick
electrode configuration for resonant X-cut devices. It is possible that with such large width
and gap configurations, the electrode can be made even thicker than the current maximum
limit of 30 µm. This helps to further reduce the electrode loss. An investigation into the
maximum thickness that can be practically realized with a 50-22-50 µm configuration is
proposed. The results of this practical investigation will set the geometric constraints for
the next iteration of optimization.
In the demonstrated modulator of Chapter 5, the external terminations were connected
to the modulator chip by wire-bonds. Hence, significant lengths of inactive sections on
the modulators chip and terminations were required. If flip-chip technology is used, these
inactive sections can be eliminated. Significant improvement to performance could be
expected. This suggests the need to carry out the investigation of resonant modulators
with flip-chip interconnections.
Chapter 6 proposed and theoretically analyzed a number of highly efficient resonant
modulator structures. Practical demonstration of these structures to verify against the
theoretical prediction is suggested. Again, the possibility of using flip-chip technology
for connecting the external feeding network and the external inductive terminations to the
modulator chip can be investigated. The analysis of the sensitivity of the performance of
these structures to the variations of manufacturing processes is also recommended.
Only a simple coplanar electrode structure was considered in the optimization. It is
possible that other novel structures such as trenching, thin-sheet and back-slot can be ex-
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plored. The numerical optimization approach and simulation models developed in this
thesis are well applicable to any of these electrode structures. Similar to the investiga-
tions in this Thesis, the numerical optimization can be applied to explore the optimization
trends and constraints so that the optimal design can be suggested.
7.3 Concluding remarks
In conclusion, the primary objective of the thesis investigation has been met. A detailed
investigation of the factors that can help to improve the performance of modulators with
resonant electrodes has been undertaken. Based on this new understanding, optimum
design objectives for a number of resonant configurations have been suggested. Analysis
of the effects of electrode dimensions on the electrode characteristics of CPW electrode on
X-cut LiNbO3 has been carried out. From this analysis, a number of design trade-offs have
been identified. The numerical optimization approach has been employed to explore the
trade-offs to achieve resonant modulators with the best overall modulation efficiency. The
sensitivity of the optimized modulators to the manufacturing tolerance has been analyzed.
The optimized modulator has been fabricated with significant improvement of modulation
efficiency at 1.8 GHz demonstrated.
Application of similar ideas to the investigation of resonantly enhanced-modulators
with high overall modulation efficiency for operating at frequencies higher than 10 GHz
has been presented. Phase mismatch has been identified as the main limiting factor. Meth-
ods to overcome this limitation have been proposed and analyzed by two novel resonant
structures showing great promise for highly efficient resonant modulators at millimeter-
wave frequencies.
Appendix A
Derivation of Closed-form Expression
of Total Accumulated Phase Change
This Appendix presents the derivation of the closed-form expression of the total accumu-
lated phase change used in the simulation tool described in Section 2.4 of Chapter 2.
The total accumulated phase change over an electro-optic interaction length L is given
in Equation (2.4) of Section 2.4 of Chapter 2. Substituting the expression of the local
voltage V (z) inside the electrode (Equation (2.5)) into Equation (2.4), the integral of
Equation (2.4) can be written
M =
∫ L
0
V (z)ej
2pif
c
Nozdz
=
∫ L
0
(
Aejγz +Be−jγz
)
ej
2pif
c
Nozdz
=
∫ L
0
[
Ae(j
2pif
c
Nm+αm)z +Be(−j
2pif
c
Nm−αm)z
]
ej
2pif
c
Nozdz
= A
∫ L
0
ejδ1zeαmzdz +B
∫ L
0
e−jδ2ze−αmzdz (A.1)
where
A =
V2 − V1e−jγL
2jsin (γL) , (A.2)
B = V1 − A, (A.3)
γ =
2πf
c
Nm − jαm (A.4)
δ1 =
2πf
c
(Nm +No) , (A.5)
and
δ2 =
2πf
c
(Nm −No) . (A.6)
The integrals of Equation (A.1) can be found analytically as follows:
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T1 = A
∫ L
0
ejδ1zeαmzdz
= A
{∫ L
0
cos (δ1z) e
αmzdz + j
∫ L
0
sin (δ1z) eαmzdz
}
= A
eαmz
α2m + δ
2
1
{αmcos (δ1z) + δ1sin (δ1z)
+j [αmsin (δ1z)− δ1cos (δ1z)]} (A.7)
and
T2 = B
∫ L
0
e−jδ2ze−αmzdz
= B
{∫ L
0
cos (δ2z) e
−αmzdz − j
∫ L
0
sin (δ2z) e−αmzdz
}
= B
e−αmz
α2m + δ
2
2
{−αmcos (δ2z) + δ2sin (δ2z)
+j [αmsin (δ2z) + δ2cos (δ2z)]} . (A.8)
Therefore, the total accumulated phase change can be calculated as:
∆Φ =
π
VpiL
(T1 + T2) (A.9)
In contrast to [104], in which the integral was approximated by trapezoidal rule, the
solution presented here is fully analytical and gives the exact result. Its computation time
is much shorter than the trapezoidal rule approach, leading to a large time saving in the
numerical optimization where many iterations are required.
Appendix B
Measurement of Noise of RF-photonic
links
This Appendix outlines the procedures used to measured the link noise of an RF-photonic
link and laser RIN with an electrical spectrum analyzer (ESA).
Ω50   Termination
EDFA: Erbium doped fiber amplifier
Att     : Variable optical attenuator
LNA   : Low noise RF amplifier
ESA   : Electrical spectrum analyzer
RF input
      Modulator
DC Bias
LNAEDFA
1550nm CW
        lazer
Att
ESA
DUT
Figure B.1: Link noise measurement setup.
B.1 Measurement of link noise
Figure B.1 illustrates the measurement setup used to measure the link noise. The RF-
photonic link is the device-under-test (DUT). The RF input of the modulator was termi-
nated with 50 Ω resistor. The modulator was biased at quadrature for linear operation.
The measurement equipments consist of a low noise amplifier (LNA) and an electrical
spectrum analyzer (ESA). The low noise preamplifier is necessary to increase the sensi-
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tivity of the spectrum analyzer. The average photodetector current was monitored with a
multimeter.
The ESA measured the total noise of the DUT and the measuring equipments. There-
fore, before actual measurement was made, the measurement equipments had to be cal-
ibrated to find their noise level. A reference noise source was used for the calibration.
During the calibration, the DUT was replaced by a reference noise source. The noise
power N1 and N2 (in dBm/Hz) were measured when the noise source was turned off and
on respectively. The noise factor Feq of the measuring equipments is calculated by
Feq =
ENR
10
N2−N1
10 − 1
(B.1)
where ENR is the excess noise ratio of the reference noise source. ENR is given by
ENR = Th − Tc
290K
(B.2)
where Th and Tc are the absolute temperatures of the noise source when on and off, respec-
tively. The noise source was calibrated and the ENR was provided by the manufacturer
as a function of frequency.
The noise level of the measuring equipments Neq (in W/Hz) is given by
Neq = Gamp(Feq − 1)kT0 (B.3)
where Gamp is the gain of the LNA, k and T0 were defined in Section 5.6 of Chapter 5.
Having the measuring equipments calibrated, the output noise power of the DUT can
be measured with the measurement setup of Figure B.1. The ESA measured the total noise
power of the DUT and the measuring equipment. The output noise power of the DUT (in
W/Hz) is found from the total noise power Ntotal measured by the ESA as follows
Nout =
Ntotal −Neq
Gamp
. (B.4)
To automate the measurement process, a LabView program was developed to control
the optical attenuator, read the noise level measured by the ESA and read the average
photodetector current measured by the multimeter.
B.2 Measurement of laser RIN
The RIN of the laser was also measured using the above described procedure. When
measuring laser RIN, the optical modulator was removed and the output of the attenuator
was connected directly to the photodetector. The RIN of the laser was calculated from the
measured noise power by using Equations (5.7)-(5.9) without the Nth,tx component of the
thermal noise in Equation (5.8).
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